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I INTRODUCTION 


l.l FUTURE COMMUNICATIONS SYSTEM SATELLITE REQUIREMENTS 

Increasing satellite communictitions traffic has led to an increased use cf 
the millimctric portion of the electromagnetic spectrum. Advanced communi- 
cation satellites will require high performance millimeter- wave antenna sys- 
tems capable of multiple beams, polarization diversity, adaptive beamform- 
In^, agile hopped beams, and roconUgurable shaped geographic coverage. 
Phased array fed reflector systems will satisfy these needs, but historically 
the cost of the phased array development has been prohibited, because of 
the large number of hybrid circuits and components required. However, 
recent advances In monolithic circuits make such a communications system 
tochnologicilly and economically feasible. Monolithic microwave integrated 
circuits iMMICs) operating at millimeter wave frequenices are in the early 
stages of deveiopiaent, and they must be upgraded to fully realize the 
advantages that phased array systems offer. When the technology is tna- 
ture, it will provide lightweight, low-cost, highly reproducible, and high 
performance replacements for the currently avaQable discrete circuits. 

Forecasting studies have projected a growth in long-haul communications 
traffic by a factor of five between the years 1980 and 2000. This increase in 
traffic will result from both an expansion of services provided and from an 
expanded user population. Expanded sevices wll> include telephone, video 
teleconferencing, electronic mail, point-of-sale and electronic fund transfer, 
and other data services. The increase in users will occur principally in the 
government, large business, hospital, and educational sectors, and to a 
lesser extent will take place in small businesses and private homes. (Video 
services and certain data services can require very high data rates; e. g. 
several million bits per second.) 

In the near term, the increasing traffic will be handled by the C- and 
Ku-band satellite systems. However, 12 of the 15 allocations for telecom- 
munications at C-band are already committed or planned. Similarly, 10 of 
the 15 allocations at Ku-band are committed or planned. Allocations in both 
bands are for a 500 MHz bandwidth. 

The millimeter- wave allocations include 24 prime slots available at 30/20 
GHz with a bandwidth of 2500 MHz for telecommunications and 24 prime slots 
at 40/30 GHz with a bandwidth of 1000 MHz for TV broadcast. Based on the 
increase in traffic and the saturation of the C- and Ku-band satellite sys- 
tems, it is projected that communications satellites operating in the milli- 
meter-wave band will supply 20 to 40 percent of the total long haul commun- 
ications traffic by the year 2000. 

Specialized antenna designs must be used if the satellite communications 
system is to use the available frequency spectrum efficiently. Dual- reflector 
or single- reflector ntennas with array feed systems are generally required. 
These antenna designs conserve spectrum through the use of electronic 
scan, multiple beams, and/or shaped beams. 
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Multiple-beam antennas conserve spectrum by allowing frequency re-use; 
they use beam directivity to provide channc'. isolation between geographically 
separated terminals on the same frequency. Rapid electronic scanning can 
be used to conserve spectrum by using the electronic scan to accomplish 
time division multiple access (TDMA). In addition to being required to 
implement such antenna designs, array feeds can be used to null out inter- 
ference or jamming in a communications system, '^he basic building block of 
array feeds is the array module. In general, the array module must provide 
both phase and amplitude control of the communications signal. 

Decisive technical factors driv j the implementation of these array modules 
to MMIC form. For example, the high reliability afforded by the MMIC 
process uniformity and repeatability is a major asset in satellite applications. 
Also, the low power drain afforded by MMIC circuits is another major ad- 
vantage in satellite systems. The extremely small size of millimeter- wave 
circuits particularly suits them to MMIC implementation, since the module 
size becomes too small for operator-oriented fabrication and assembly pro- 
cesses. In addition, MMIC technology can also provide weight and cost 
advantages in systems in which large numbers of modules are involved. 

Furthermore, MMIC implementation at millimeter wave frequencies pro- 
vides module performance advantages. The extremely small circuit sizes 
allow undesireable parnsitics to be minimized, which results in broader band 
and less dispersion. Such performance considerations are important in 
wideband data communications systems, in which phase linearity and uniform 
group delay is important. Phase linearity is required for TDMA carrier 
recovery. Group delay variations must be minimal since such variations 
increase inter-symbol interference and result in an effective signal loss 
and/or an increase in the bit-error probability. The small size attainable 
with MMIC modules can also provide lower Insertion loss, improved noise- 
Ggure, and the suppression of module package RF resonances. 

The development of new technologies are necessary for a wideband 20/30 
GHz system. Such a system must have the following performance charac- 
teristics; 

• High degree of matching between predicted traffic density distribution 
and system communication capability. 

• Efficiency in its use of the available bandwidth allocation. 

• High link fidelity 

• Flexibility of operation in the presence of changing traffic, propaga- 
tion, and pointing error conditions. 

• High reliability 

These goals translate into two antenna system requirements: 


1, Capability of providing hlRh peak j?aln, hlRh C/I, and larpo uhannel 
capacity to major coinmunicjitions centers (fixed beams) 

2. Capability of providinK hiph contour gain, high C/1, and variable 
channel capacity to the rest of tho 48 states (scanning beams) 

The thrust of this contract lias been to investigate and develop the 
application of MIMIC receive modules to phase array food technology. The 
study included such oortsidera lions as: 

• MMIC's 

- Mounting of the modules to tho beam combining network 

- KF and IF transitions to the modulo 

- DC and logic interfaces with the module 
Distribution of U) power to the modulo 

- Feed element design that takes fullest advantage of modulo 
ca pabilitics 

- Dissipation of thermal energy 
e Ream Combining Network 

Loss 

- Weight 

- Maintaining effective noise figure 

- Inhen-nt graceful degradation 
Low sidelobes 

Wide angle scan 

Exploitation of distributed receiver with MMICs 

- Electrical limitations imposed by available prime fxjvvor ft'f)Ti the 
satellite 

o Feed Element 

- Mutual coupling effects 

Efficient illumination of the suhreflector 
Low cross- polarized component 

- Bandwidth 

o Optics Design 

Shapes of reflectors 

- Size of reflectors 

Impact of module phase granularity 
Impact of module amplitude granularity 

- Wide angle scan 

Impact of module to module variation 
Grating lobe suppression 
Sidelobe level 

Cross polarization suppression 
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o Satellite 


- Packaging of antenna system on the satellite 
Shuttle compatibility of the pyatem 

- Thermal environment of in- place salellito 

Kach of those will be discussed in greater detail in the following sections. 
1.2 CONFIGUHA'nON STUDY SPECIFICATIONS/ lUiQUlKUMliNTS 

The purpose of this section is to review the overall antenna system 
requirements for both the multi-beam >'id scanning beam systems. During 
this study, the multi-beam and scanning beam systems have been considered 
separately, although, the two functions m/iy eventually be combined Ifito one 
antenn/i system. 

The objective requlremetits for the system configurations are shown in 
Table 1. Whfle the optiail configuration was an Important part of this con- 
tract, the greatest emphasis was placed on the application of the monolithic 
receive modules to the receiving array design. 


TABbE 1. OBJECTIVE KEQIH KEMENTS FOR MULTI-BEAM AND SCANNING 

BEAM ANTENNA 


Beam Configuration 


Multi- Ream 

Scanning Beam 

Antenna Size 


Shuttle 

Compatible 

Operation Frequency 
Range (GHz) 

-U plink 

27.5 - 30.0 

27.5 - 30.0 

Number of Beams 

-O perational 

10 - 18 

6 

Minimum Gain (dB) 

-30 GHz 

56 

53 

Bandwidth (MHz) 

-30 GHz 

2500 

2500 

Polarization 


Linear 

Linear 

C/I Performance (dB) * 


30 

30 

Pointing Accuracy 

- E & H Plane 

0.02 

0.02 

(degrees) 

Polarization 

0.4 

0.4 

1 Carrier to interference ratio for each beam relative to all other beams 

1 1 1 


The general requirements consider the antenna system to be an integral 
part of a spacecraft launched using the shuttle space transport system, and 
to be operated at synchronuous altitude at a position of 100° ± 5° west longi- 
tude and 0° latitude. The spacecraft bus on which the antenna system is 
mounted is assumed to be three axis stabilized. 



The objective requirements for the multiple fixed beam untonnu Include a 
ton (10) beam and an eijjhleen (18) beam concept with fixed beams positioned 
on the cities speciflod in Table 2. 

TABLE 2. MULTIPLE FIXED BEAM ANTENNA COVEHAGE 


Eightocn-City CoveraRe 

1 New York City 

2 Wasiiington, DC 

3 Sun Francisco, CA 

4 Chief] go, IL 

5 Los Angeles, CA 

6 Denver, CO 

7 Minneapolis, MN 

8 Atlanta, GA 

9 Dallas, TX 

10 Houston, TX 

11 Boston, MA 

12 Seattle, WA 

13 Detroit, MI /Cleveland , OH 

14 Buffalo, NY/Pittsburgh, PA 

15 St. Louis, MO 
10 Phoenix, \Z 

17 Now Orleans, LA 

18 Miami, FL 


The multiple scanning beam antenna has six (0) receive beams which are 
independently controlled. Each receive beam originates from different locu- 
tions in each of the six CONUS sectors. For each sector, a sufficient 
number of beam positions exist such that any |X)int in the sector falls within 
the 1 dB contour for at least one of the beam positions of the antenna. 

The component requirements outlined below were assumed as typical 
specifications of the components used in developing the antenna systems. 

Electrical and RF Performance Objective Requirements . The receive 
mudule shall be of fully monolithic construction with no discrete components, 
no wire bonds and no off-the-chip matching required. 

RF Band : The RF bund shiill be from 27.5 to 30.0 GHz. 

IF Center Frequency; The IP center frequency shall be between 4 and 

8 GHz. 

Noise Figure ; The noise figure at any given frequency in the bandwidth 

shall be less than or equal to 5 dB. 

Output Gain ; The RF to IF output gain shall be greater than or equal 

to 30 dB at the highest level of the gain control. 


Ten- City Coverage 

1 New York City 

2 Washington, DC 

3 San Francisco, CA 

4 Chicago, IL 

5 Los Angelos, CA 

6 Denver, CO 

7 Minneapolis, MN 

8 Atlanta, GA 

9 Dallas, TX 

10 Houston, TX 



Gain ConU’ol; The gain control shall provide for at least 6 levels of RF- 
gain including the following: 30 dB; 27 dB; 20 dBj 17 dBj and un 

off state. 

Module Power Consumption in Each State ; The power consumption of the 
entire' rocelvo modulo Jn each state ot the gain control shall be in oc- 
cordancc to the following: 

RF“IF Gain Level Module Power Consumption 


30 

dB 

250 

mW 

27 

dB 

250 

mW 

24 

dB 

250 

mW 

20 

dB 

250 

mW 

17 

dB 

250 

mWr 

off 

25 



Gain Control Response Time; The gain control response tiine shall be 
loss than or eqiVAl to 10 nanoseconds. 

Gain Variation; The maximum variation in the output KF-IF gain for any 
state of the gain control shall be no greater than tO.5 dB over the (m- 
tire 2.5 GHz bandwidth and no greater than t0,2 dB over any 500 MHz 
band. 

Module to Module Gain Variation; For any module, the RF-IF gain at any 
given frequency in the bandwidth shall vary by no greater than i 0.5 dB 
from the RMS average for all the modules at the given frequency. 

Phase Shifter ; The phase control shall contain the following 5 bits: 

0® or -180®+. 3° at band center 
0° or -90® ♦: 3® at band center 
0® or -45° + 3® at band center 
0® or -22.5® ^ 3® at band center 
0® or -11.25®+ 3® at band center 

The phase shifter is to use a true time delay phase shifter scheme. 
That is, in any state of the phase shifter, the total module phase shift 
shall be proportional to frequency, within the 27.5 to 30.0 GHz pass 
band, with a phase error not exceeding ±6° i.e. 

A Oi = 2n ft i + e i(f) 

where: A j = total phase shift, as a function of frequency, in the i'th 

state of the 5 bit phase shifter; f = frequency; t j is a characteristic 
time delay associated with the i'th state of the 5 bit phase shifter, and 
e j(f) is a phase error associated with the i'th state of the phase 
shifter, e {(f) may vary with frequency but its maximum magnitude 
should not exceed 6° at any i and at any frequency. 


* 




Phase Shifter Response Time : The phase shifter response time shall be 

loss than or equal to 10 nanoseconds. 

Group Delay Variation ; The group delay variation shail not exceed 0.2 
nanoseconds peak to peak in any 0.5 MHz portion of the operating band 
and under any state of the phase shifter. 

UF/IF Impedances ; The nominal RF input and IF output impedance sliall 
be 50 oh^ms. The input and output VSWR shall be loss than or equal to 
1.3: 1. 

Phase Control/Gain Isolation ; The RF/IF gain shall not vary by more 
than 0.25 dB in response to any change in the phase control state. 

Gain Control/Phase Isolation : The phase shift shall not vary by more 

than! 5 degrees in response to a change in the gain control level. 

Phase and Gain Contro l; The phase and gain control shall operate on 
digital input. ” 

Number of Control Lines ; The number of control lines shall not exceed 
twelve (12). Impedance and voltage level shall be TTL compatible. 
Input signal shall be continuously available during period of dwell. 

LO Referenc e; A phase reference shall be provided to the receive 
module local oscQlator from off chip. The reference signal power shall 
be 15 microwatts minimum. 

Dynamic Range ; > 30 dB. 
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2 EXECUTIVE SUMMARY 


2.1 RECOMMENDED ANTENNA CONFIGURATION 

T.ie dual* reflector Cassegrain reflector optics with a phased array feed 
syste^n using dual* polarized circular horn radiating elements has been found 
to be a superior design for both the multiple scanning beam and the multiple 
fixed beam antennas. The major design features of the recommended con- 
figuration are: 

• A Dual- Reflector Antenna 

• Offset Cassegrain Optics 

• Offset Plane in a North-South Orientation 

• A Singly-Curved Feed Array 

• Dual- Polarization Circular Morn Feed Elements 

• An All-RF Module (with Both Phase and Amplitude Control* j 

• An RF Beam Combining Network (with Row-Column Implementation*) 

• A Simple Sequential- Beamsteering Control Distribution Network 

* Pertains to Scanning, Multiple Beam Design 

The principal advantages of the recommended antenna configuration are 
summarized below: 


• Dual- Reflector Antenna Provides 

- Reduced axial dimension 

- Reduced cross- polarization 

• Offset Reflector Design 

- Eliminates aperture blockage by sul>- reflector and feed over sc^n 
region for better gain and lower sidelobes. 

Using north /south offset provides best gain/sidelobe performance 
over the scan region. 

• Cassegrain Optics Provides 

- Minimum feed array size 

- Minimum sub- reflector size 

- Full exploitation of MMIC module technology (amplitude and phase 
control in low- noise application). 

• Singly Curved Feed Array Surface Results In 

- Improved scan performance (high gain, low sidelobes) 

- Simple array combiner structure 

• Dual- Polarized Circular Horn Feed Array Elements 

- Are proven design 
Have low mutual coupling 
Provide high polarization purity 
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• RF Beam Combiner Network 

- Allows simple, small, Uf^htweight structure 
Avoids complex LO power distribution network 

* Minimizes LO noise degradation 

• Maximum Likelihood Beamforming/ Beamsteering Algorithm 

- Suppresses sidelobes over full coverage region with minimum loss 
in gain 

' Allows sidelobc nulls to be formed by spot beam along interfering 
directions 

- Compensates for known reflector/ feed misalignments 
" Compensates for known reflector deformations 

Allows beam-position interpolation for full beamsteering capabflity 
with simplified beamsteering computation 

- Provides maximum residual performance capability under com- 
ponent failure conditions 

An isometric depiction of the chosen configuration is sketched in Figure 
1. A dimensioned cross-sectional line drawing of the basic antenna geometry 
is given in Figure 2 for the scanning beam design and in Figure 3 for the 
fixed spot beam design. The '/alues of the principal design parameters for 
these two designs are reported in Table 3. 



Figure 1. Isometric View of the Recommended Antenna Configuration 








Figure 3. Line Drawing of Fixed Beam Antenna Geometry (Offset Plane) 



TABLE 3. FINAL DESIGN PARAMETERS OF THE RECOMMENDED 
CONFIGURATIONS (DETAILED DESIGN STUDIES) 






DesiRn Parameter 

Scanned Beam 

Fixed Beam 

0 

Dimension of Primary Reflector 
- Major axis (offset- plane) : 

8.94* 

10.82' 


- Minor axis 

8.56* 

10.28' 


- Diam of projected aperture : 

8.56* 

10.28' 

• 

F/D of the Primary Reflector 
- (Focal length of parent 




paraboloid/ projected diameter) : 

1.4 

1.32 

o 

Offset of Primary Reflector : 

(System Axis to Reflector Center) 

8.39' 

8.39' 

o 

Diameter of Sub-Reflector 

3.0* 

3.0' 

o 

Offset of Sub-Reflector 

1.71' 

1.37 

0 

Magnification Factor 

2.1 

2.1 

0 

Effective F/D : 

2.94 

2.77 

0 

Array Feed Dimensions 
- Height (dimension in offset plane) : 

1.72' 

2.33' * 


- Width : 

3.45' 

4.67' • 


- Depth : 

0.70' 

.70' * 

• 

Array Tilt Angle (offset plane) : 

20® 

20® 

o 

Array Curvature (Azimuth Plane) : 

5.48®/FT 

N/A 

• 

Number of Beams : 

6 

18 

o 

Number of Dual-Polarized Feed Array 
Elements 

- Total number : 

- Number of vertically polarized 

391 

243 


ports : 

- Number of horizontally polarized 

320 

100 


ports ; 

344 

57 


- Active number/ beam : 

19 

19 

o 

Diameter of Circular Feed Horn : 

0.105' 

0.105' 

0 

Feed Horn Spacing ; 

(Equilateral Triangular Grid) 

C.106' 

0.106' 


* Envelop 
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TABLE 3. FINAL DESIGN PARAMETERS OF THE RECOMMENDED 
CONFIGURATIONS (DETAILED DESIGN STUDIES) (Continued) 


Design Parameter 

• Overall Antenna Dimensions 

- Height 

- Width 

- Length 


Scanned Beam Fixed Beam 


13.5' 14.6' 

8.6' 10.3' 

10. 2* 12.0 


The principal performance parameters for those two designs are summa- 
rized in Table 4. 


TABLE 4. FINAL PERFORMANCE PARAMETERS OF THE RECOMMENDED 
CONFIGURATIONS (DETAILED DESIGN STUDIES) 


Performance Parameter 

Scanned Beam 

Fixed Beam 

• 

Antenna Gain 
- Broadside 

: 54.7 rJB 

56.2 dB 


- Worst Case Scan 

: 54.2 dB 

55.9 dB 

• 

Average Design Sidelobo Level 
(0.5® to 2.0® Radius Annular Region 
About Main Beam) 




- Broadside 

: -45.3 dB 

-46.4 dB 


- Worst Case Scan 

-42.9 dB 

-45.3 dB 

• 

Peak Design Sidelobe 
- Broadside 

-36.2 dB 

-35.4 dB 


- Worst Case Scan 

-33.5 dB 

-34.4 dB 


- Expected 

-38 dB 

-40 dB 

• 

Degradation of Sidelobes due to 
Excitation Errors 

< 1 dB 

< 1 dB 

• 

Beamwidth 
- Broadside 

0.29® 

0.24® 


- Worst Case Scan 

0. 29® 

0.24° 

• 

Scan Region (or Max. Fixed Beam 
Displacement) 

- Azimuth , Total 

± 3.5° 

3.5° 


, Per Beam 

± 0.6® 

N/A 


- Elevation, Total 

± 1.5® 

1.5® 


, Per Beam 

± 1.5® 

N/A 

• 

Noise-Figure 

5.28 dB 

4.41 dB 

• 

C/I 

-30 dB 

-30 dB* 

• 

DC Power Consumption/ Beam 

7.90 Watts 

5.18 Watts 


• Worst Case 




15 


The pattern performance of the final designs are presented in Figures 
89 through 98. Those patterns wore computed for the ten cases summarized 
in the table below: 


DIRECTORY OF PATTERN PLOTS FOR RECOMMENDED CONFIGURATIONS 

(DETAILED DESIGN STUDIES) 


Antenna 


Nominal 

Excitation Condition 

Figure 

Design 

Case 

Scan Angle 

Over Feed Array 

Number 


203 

3*^ Azimuth 

1 

Prlncljjal Element 

89 

6 

Scanning 

203B 

3® Azimuth 

3 

Principal Elements 

96 

207 

0® Boresight 

1 

Principal Element 

91 

Beams 

207B 

~ 0® Boresight 

3 

Principal Elements 

92 


209 

-1.5® Elevation 



93 


210 

+ 1.5® Elevation 



94 


307 

3® Azimuth 



95 


308 

0® Boresight 



96 

18 

Fixed 

309 

+ 1.5° Elevation 



97 

Beams 

310 

-1.5° Elevation 



98 


The feed array layout is depicted in Figure 4 for the multiple scanning 
beam design and in Figure 5 for the multiple fixed beam design. In all 
cases, a low sidelobe beam is formed by using a 19 element feed cluster 
comprised of a central element surrounded by two hexagonal rings of ele- 
ments as evident in Figure 5. 

An isometric view of the scanning beam feed assembly is depicted in 
Figure 6 for the scanning beam design. The beam combining network for 
the scanning beam design uses a total of 48 identical column 8-way power 
combiners to form the six simultaneous scanning beams. There are addi- 
tionally a total of 6 row power combiners of two different designs; viz.; a 
16- way combiner and a 17- way combiner. Details of the scanning beam feed 
array assembly are shown in Figure 7. Also, details of the horn radiating 
element and MMIC module assembly (which along with the combiner networks 
comprise the feed array) are presented in Figure 8. 
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Figure *. Feed Array Layout Geometry for the Multip’e Scanning- Beam Anti 
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Figure 5. Feed Array Layout Geometry for the Multiple Fixed-Beam Antenna 





Figure 7. Feed Array Assembly Details for the Simultaneous Scanning Beam 





The feed array assembly for the simultaneous fixed beams design is 
similar to the simultaneous scanning beam design except that fewer elements 
are needed for the fixed beam design and the beam combining networks for 
each of the 18 fixed beams is of a different design to optimize the C/I per> 
formance of each beam in its assigned beam pointing direction. 

The simultaneous Hxed beam reflector system is larger than the simul- 
taneous scanning beam system to meet the greater gain and C/I performance 
goals for the fixed beam as sot forth in the statement of work. The sidelobe 
suppression for the fixed beam design using the larger reflector system is 
sufficient to meet the C/I goal without frequency diversity even for the 
worst case beam assignment (which exists in the Boston-New York- 
Washington corridor). However, the advantages of the larger reflector for 
the fixed beam needs to bo weighed against the advantages of an integrated 
scanning beam/flxed beam system. The lower noise figure of the fixed beam 
receiver, the greater antenna gain of earth stations for fixed beam users, 
and the possibility of frequency diversity in the Washington-Boston corridor 
suggest that the fixed reflector can be reduced to the same size ns the 
scanning beam reflector to achieve an integrated fixed beam- scanning beam 
system while meeting system performance requirements. 

These recommended configurations resulted from detailed design studies 
following a preliminary design study during which a tentative design point 
was established. The detailed <leslgn studies resulted in the following de- 
sign changes. 

• An Increase in the F/D of the primary reflector from 1.2 to 1.32 for 
the fixed beam design and 1.4 h>r the scanning beam design 

• A decrease in secondary reflector diameter from 3.75 ft to 3.0 ft 

• An increase in magnification from 2.0 to 2.1 

• A reduction in feed element spacing from 0.123 ft to 0.106 ft 

• The use of a circular horn radiating element rather than a printed 
circuit yagi 

• A reduction in the number of radiating elements (578 yagis compared 
to 391 horns) 

• A cylindrical rather than a planar feed array (19® total curvature 
across the array) 

The changes were generally made to improve the gain and C/I perfor- 
mance of the receiver. However, the selection of the circular horn radiating 
element over the yagi was made predominantly on the superior polarization 
purity of the horn vis a vis the yagi in the mutual coupling environment. 


22 


2.2 PRELIMINARY DESIGN STUDIES OVERVIEW 


This section narrowly reports on the Preliminary Design Study results. 
It does not reflect subsequent modifications from the detailed design studies. 
These modifications wore generally minor and wore already noted in the 
preceding section. However, one of the more significant changes was in the 
feed array, from 578 printed circuit yagis to 391 circular waveguide hoiiis. 

2.2.1 Initial Design Points 

The configurations and design parameters for the initial design |X)ints of 
the four antenna systems are summarized in Tables 5 through 7. Table 5 
reports the initial design point of a focal plane Cassegrain antenna consid- 
ered for both the multiple scanning beam and the multiple fixed beam sys- 
tems. Table 6 reports the initial design point for a focal plane single re- 
flector and Table V reports the initial design point for an aperture- image 
plane Gregorian antenna, both of these latter two designs for the multiple 
scanning beam system. These initial designs were selected to provide a wide 
range of design options to the design trade-off studies encompassing the 
major design options; i.e. , dual- reflector versus single reflector and focal 
plane array versus aperture-image plane array. 


TABLE 5. FOCAL PLANE CASSEGRAIN CONFIGURATION BASELINE 

• M = 2 

• Diameter of Main Reflector = 250 A . 

• F/I) = 1.2. 

• Diameter of Subrefleotor = 110 X . 

• Subrefleotor focal length = 80 X . 

• Diameter of Array = 81.4 X . 

• 578 Elements (19 active/ beam) : 6 Simultaneous Scanning Beams. 

342 Elements (19/beam ): 18 Simultaneous Fixed Beams. 

• Element Spacing = 3.6 X . 

• Beamsteering: Amplitude and Phase (No Blockage). (Scanning 

Beam) 

• Center Offse* = X . 

• Overall Length = 270 X . 



TAB'uE 6. FOCAL PLANE SINGLE REFLECTOR CONFIGURATION BASELINE 


• Diameter of Main Reflector = 250 ^ . 

• F/D = 2.4. 

• Diameter of Array = 40.6 X . 
o 578 Elements (19 active). 

e Element Spacing = 1.7 X . 

o Beamsteering: Amplitude and Phaso (No Blockage), 

o Center Offset = 166 X . 
o Overall Length = 600 X . 


TABLE 7. APERTURE PLANE IMAGE GREGORIAN CONFIGURATION 

BASEI.INE 

o M = 6. 

o Diameter of Main Reflector = 271 X . 

0 F/U = 1. 

• Diameter of Subreflector = 93 X . 
o Diameter of Arrp.y = 45 X (20 ring circular hex), 
o 1039 Elements, 
o Element Spacing = 1.33X . 
o Amplitude Taper = Quasi-static, 
o Beamsteering - Phase Control. 

Overall Length = 296 X . 
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Figure 9. 0° Scan 


2.2.2 Parametric Destgii Studies 

The design parameters of the three different antenna configurations 
were varied about their initial design points, and the results of these design 
changes on performance evaluated. A summary of the scope of the design 
trade-off studies for the Cassegrain configuration is reported in Table 8. 
However, it is not to be implied that the design trade-off matrix associated 
with Table 8 was completely filled. Not all parameters listed are free; i.e., 
a change in main reflector diameter results in an implied change in F/U 
ratio, in magnification factor, and in unblocked scan capability. In all 
cases, unblocked scan of CONUS was a design constraint. Performance 
evaluations were principally peak antenna gain, pattern beamwidth, sidelobe 
level (peak and average over the sidelobe control region), and cross-polar- 
ization gain. 


TABLE 8. PARAMETER TRADE OVERVIEW - FOCAL PLANE ARRAY 


INDEPENDENT 

VARIABLES AS REQUIRED 


Aperture Diameter 

150 X - 400 X 

Offset 

F/D 

.6 - 2.4 

Sub reflector Diameter 

Effective F/D 

1.2 - 2.4 

Subreflector Focal Length 

Magnification 

1.2 - 3. 

Subrefleotor Axis Tilt 

Feed Element Spacing 

l.OX - 3.6X 


Number of Elements 

1 - 61 


Choice of Element Set 
Element Gain 

3 dB - 30 dB 


Feed Array Defocus 

0 - .04F 


Scan Angle 

0®, 3® 


DEPENDENT VARIABLES 
Gain 

Beamwidth 

Average Sidelobe Level 
Peak Sidelobe Level 
Peak Cross- Polarization 




Figure 9 reports typical design trade-off data obtained from studies of 
the Cassegrain configuration. The performance data is for an unscanned 
antenna. Each curve in Figure 9 depicts the gain-sidelobe tradeoff for a 
particular design through optimal control of the feed array excitation (ob- 
tained by a reiterative application of the maximum likelihood optimization. 
Refer to Appendix A). The performance curves are parametric in the 
number of feed array elements (1, 7, 19 and 37) and in the inner radius of 
the sidelobe control region (0.36®, 0.40®, 0.44®). Also shown is the per- 
formance curve for the case of the feed array displaced off-focus by 15 



wavelengths, and the maximum available gain for each case is also reported. 
For example, a feed array of 19 elements allows a -40 dB average sidclobe 
level (over the control region) to be obtained with only a 0.5 dB reduction 
in gain relative to the maximum available gain from that feed array; i.e. , 
56.1 versus 56.6 dB. Figure 10 presents similar results for 2.8° of elec- 
tronic scan. To maintain the 40 dB sidelobe level, the scan loss is only 0.4 
dB, i.e. 55.7 dB at 2.8° scan, compared to 56.1 dB at 0° scan. 

Figures 11 and 12 report some design trade-off study results from the 
single reflector configuration. Figure 11 shows the gain-sidelobe trades 
available from a single reflector using 19 feed array elements, parametric in 
element spacing. When element spacing was changed, element gain was also 
changed accordingly to keep the aperture utilization of the feed array con- 
stant. Figure 12 reports the effect of feed array defocus on maximum avail- 
able gain and on sidelobe level attainable at 54.0 dB of gain for a single 
ri'flector antenna. The array excitation was re-optimized for each defo- 
eussed position of the feed array. The curves are parametric in the number 
of feed array elements (19 and 37). 

These curves provide a glimpse of the extensive design- performance 
trade-off data that was generated during the course of the design trade 
studies. The results of these studies will be summarized in greater detail in 
a later seot,on of this report. 

2.2.3 Beam Combining Network (BCN) 

Implementation of the BCN at both RF and IF has been evaluated. The 
basic assumptions that were made to perform the evaluations are reported in 
Figures 13 and 14. These assumptions are consistent with the over-all 
module specifications established by NASA /Lewis as they appeared in the 30 
GHz/MMIC module development program work statement; and represent an 
optimized partitioning of module performance by General Blectric. These as- 
sumptions were used in lieu of any results from the NASA 30 GHz MMIC 
module development program and will be revised as necessary as soon as 
such information becomes avaflable. 

Figures 15, 16 and 17 summarize the results of these BCN evaluations 
for the Gregorian, Cassegrain, and single reflector configurations respec- 
tively. The BCN arcliitecture is illustrated and the resultant noise-figure, 
net gain, and DC power consumption are reported. The best noise-figure, 
4.2 dB, is realized with the Cassegrain system with the RCNs at IF. The DC 
power requirements of the Gregorian system (and as will be reported later, 
the weight) is excessive (in excess of 360W for 6 scanning beams). The 
total DC power requirements for the Cassegrain system are only 50 watts for 
6 scanning beams. The net- gain reported is not a critical performanoe 
measure and the reported differences not significant (since net gain can 
readily he equalized with IF amplifiers without significant penalty). 
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AVERAGE SIDELOBE (dB) 


Figure 10. Cain vs Average SIdelobe Level for Various Number of Feed 
Elements (Focal Plane Cassegrain) 









DEFOCUS (WAVELENGTHS TOWARD REFLECTOR) 
Figure 12. Element Spacing 1.7^, n = 7 Single Reflector F/D 
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Figure 13. MMIC Performance Used for Noise Figure Calculations 


SIGNAL COMBINERS (SCANNING BEAMS) SIGNAL COMBINERS (FIXED BEAMS) 



Figure 14. MMIC Performance Used for Noise Figure Calculations (Con't) 
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Figure 15. Beam Combining Network Architecture - Performance Comparison Dual Reflector 

Gregorian Configuration 



SIGNAL COMBINATION AT I. 




E 


03 

u 

(U 

Q. 


tf) 



m 

3: 

0 

01 

r>^’ 


c 


CO 


o 

t> 


13 

Ql 

at 


E 

IN 


3 

in 

CO 

V) 

C 

ii 

V 

0 

V 

m 

u 

u 

in 

L 

3 

• 

0) 

u! 

in 

i 

r" 

II 

0 

Q. 

<u 

1/) 

c 

U 

o 

*5 

Q 

z 

U 


4 -< 

w 

10 

o 

a; 

o 

z 

z 

K 






f 


Figure 16. Be^ Combining Network Architecture - Performance Comparison Dual Reflector 
Cassegrain Configuration, F/D = 0.6, Magnification Factor = 2 
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Figure 17. Beam Combining Network Architecture - Performance Comparison 
Single Reflector Configuration. F/D = 1.2 



Table 9 summarizes the principal design features of the BON assembly. 
T.ie plunge connectors for the plug-in modules have been developed for 
General Electric addressed to ECM phased array applications. Tables 10 and 
11 summarize the performance of two types of integrated radiating elements. 
Performance evaluations were made for each design using the NEC (numeri- 
cal electromagnetics code) computer analysis (method-of moments). Experi- 
mental verification was accomplished for the zig-zag element, and is under- 
way for the yagi element. The zig-zag element was featured in the propos- 
al. but the yagi design has been found to have superior performance over 
the operating bandwidth. A non- integrated radiating element, the multimode 
horn, has also been developed by General Electric for satellite communica- 
tions systems. The waveguide to raicrostrip transitions necessary to use the 
multimode horn with a MMIC elemental receive modulo have also been devel- 
oped. Figure 18 depicts an artist's conception of the feed array assembly 
using interleaved, orthogonally polarized integrated radiating elements. 

2.2.4 Recommended Configuration 

Table 12 summarizes the derived design/ performance parameters of the 
three major antenna configurations. The principal disadvantages of the 
single reflector design is its greater axial length. The principal disadvan- 
tages of the Gregorian design is its larger weight (attributed primarily to 
the six parallel 1039: 1 beamcombine.* networks) and its greater DC power 
consumption (attributed to the large number of active modules required). 
The Cassegrain design emerges as a clear design choice. The principal 
"disadvantage" of the Cassegrain design is the requirement for variable gain 
amplifiers, but this requirement in fact represents an excellent match be- 
tween hybrid antenna design requirements and MMIC capabilities afforded in 
a distributed receiver implementation. 

The Cassegrain configuration is recommended both for the scanning beam 
and the fixed beam design. This recommendation is summarized in Table 13. 
The recommendation of the same configuration for both the scanning and the 
fixed beam systems is favorable for the eventual integration of the two 
systems into one antenna assembly. The rationale for the selection of the 
recommended configurations is summarized in Table 14. 


TABLE 9. MMIC PHASED ARRAY BCN SUMMARY 


— — — ■ . . . . 

• Plug-in Modules to Facilitate Assembly and Test. 

• Interleaved. Linear Polarized Printed Radiating Elements. Compatible 
with MMIC Circuitry. 

0 DC and Logic Fed Through from Backside of Module. 

o Each Submodule Packaged in a Separate Carrier for Easy Replacement. 

o Special Molybdenum Submodule Currier for Matched Thermal Expansion 
and Good Thermal Conductivity. 


TABLE 10. lO-EL.’vMENT PRINTED YAGI RADIATING ELEMENT 
o Reali^.ed on a Dielectric Substrate. 

o Element S pacings and Lengths Provides Control over Directivity, Field 
Pattern, and Bandwidth. 

e Easily Integrated with MMIC; Requires a Baiun. 
o Calculated Directivity - i‘2.0 dBi 
E-Plane HPBW = 42° 

H-Plane HPBW = 48° 

0 Gain Variation Over Band of Interest < 1 dB. 


TABLE 11. 6-SECTION PRINTED ZIG-ZAG RADIATING ELEMENT 
0 Realized on a Dielectric Substrate. 

« Section Length, Pitch Angle, and Ground Plane Spacing Provides 
Control Over Beam Directivity and Field Pattern. 

0 Easily Integrated with MMIC; Needs No Special Transitions. 

® Calculated Directivity = 15.6 dBi. 

E-Plane HPBW = 36° 

H-Plane HPBW = 46° 

0 Gain Variation Over Band of Interest = 7.5 dB . 
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Figure 18. MMIC Phased Array Feed Concept 


, 


TABLE 12. ANTENNA CONFIGURATION SELECTION MULTIBEAM 
SCANNING ANTENNA COMPARISONS 
(PRELIMINARY DESIGN STUDIES) 



Gregorian 

Cassegrain* 

Single Reflector 

F/D 

1 

1.2 

2.4 

Main Reflector Diameter 

271 A 

250 A 

250 A 

Subreflector Diameter 

93 A 

no A 

N/AP 

Feed Roam 

45 A 

86 A 

76 > 

Overall Length 

296 A 

270 A 

600 A 

Number of Rtemonts 

1039 

578 

578 

Active Elements 

1039 

19 

19 

Magnification 

6 

2 

N/AP 

Gain ' 

0° : 55.7 

3.5°; 54.5 

0° : 56.1 
3° : 55.7 

0° : 55.2 
3° : 54.8 

Sidelobe^2 Average 

0° : N/AV 

3.5°: N/AV 

0° :-40 dl3 
3° :-40 dB 

0° :-40 dB 
3° :~40 dB 

Sidclobe • Peak 

0° : -40 

3.5°: TBD 

0° :-32 dB 
3° :-31 dB 

0° :-28 
3° :-27 

Noise Figure 

5.2 dR 

5.3 dB 

6.3 dB 

BCN (RF Beamforming) 

6x 1039:1 

6x 100:1 

6x 100:1 

Total DC Power Consumption 

6x 62 W 

6x 8.0 W 

6x 8.0 W 

Rel. Feed Array Weight 

10 

1 

1 

Element Diameter 

1.33 A 

3.6 A 

2.7 A 

Variable Gain Range 

Trim Only 

40 dB 

40 dB 

1 Scan Angle; dB 




2 Averaged Over Annular Region 

of 0.5° to 2.0° Radius 




* Compare with Table 3 for final design parameters of the recommended 
configurations as derived by the detailed design studies. 
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TABLE 13. RECOMMENDED ANTENNA CONFIGURATIONS DESCRIPTION 


• Scanning Multiple Beam Antenna 

Focal Plane Feed A ray with Cassegrain Optics 
"Microstrip'* Yagi Radiating Elements 

RF Beamforming Network, Uniformly Weighted Power Combiner 
LNA, Phase Shifter, Variable Gain Amplifier MMIC HF Modules 

• Fixed Multiple Beam Antenna 

Focal Plane Feed Array with Cassegrain Optics 

- "Microstrip" Yagi Radiating Elements* 

- RF Beamforming Network, Optimally Weighted Power Combiner 

- LNA, Phase and Gain Trim MMIC RF Modules 

Modified by the detailed design studies to be a circular waveguide horn 
for its superior polarization purity in an array environment. 



TABLE 14. RECOMMENDED ANTENNA CONFIGURATIONS 
SELECTION RATIONALE 


• Focal Plane Optics Requires Smaller Feed Array 

Fewer Elements 
Lighter Weight 

- Lower Loss 

- Nr RF Power Division at the Element 

- Lower N/F 
Lower DC Power 

Less Circuit Routing Conflicts 

• Cassegrain Optics Provide Superior Performance 

Higher Gain 
Lower Sidelohes 
Lower N/F 

• Cassegrain Optics Results in Shorter Structure 

• RF Combining Provides Less Complex LO Power Distribution Network 

Lighter Weight 

Less Circuit Routing Conflicts 

• "Microstrip” Yagi is MMIC Compatible* 

Minimal Transitions 

Lightweight 

Compact 


Modified by the detailed design studies to be a circular wa’/^eguide horn 
for its superior polarization purity in an array environment. 
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2.3 MAJOR DISADVANTAGES OF THE ALTERNATIVE ANTENNA CONFIGU- 
RATIONS 

The recommended antenna configuration consists of sn offset dual reflec- 
tor using Cassegrain optics, a focal plane feed array, circular horn feed 
array elements, and RF beamforming. This design is superior for meeting 
the major design objectives of the 30 GHz communications satellite receive 
antenna; viz., 

• High Aperture Efficiency : 56 dB Minimum Gain (Fixed Beams) 

53 dB Minimum Gain (Scanning 
Beams) 

30 dB Minimum Net 

18 Fixed Beams 
6 Scanning Beams 

5 dB Nominal 

10- 100 y sec 


Shuttle Compatible Size 
Light Weight 
Low Power Drain 
High Reliability 

The major disadvantages of the principal design alternatives are summarized 
in the following paragraphs. 

2.3.1 Single Offset- Reflector 

The principal disadvantage of the single, offset- reflector is Its greater 
axial length. A large (effective) F/D is required to meet the high gain and 
high C/I (low sidelobes, low cross- polarization) objectives of the satellite 
communications antenna.. A dual- reflector system achieves the required 
large effective F/D within a short axial dimension by (1) the F/D magnifica- 
tion available with the dual- reflector optics and (2) the folded optics inher- 
ent in a dual- reflector system. The large F/D requirement translates di- 
rectly to axial length in a single reflector .system. 

2.3.2 Gregorian Reflector System 

The principal alternative to a focal plane design (of which a single re- 
flector or a Cassegrain reflector are representative) is an aperture image 
design (of which the Gregorian reflector system is representative). The 
major disadvantage of the aperture Lnage designs is the larger number of 
active elements and the larger number of total elements required in the feed 
array. Basically, the primary aperture of the antenna system is imaged onto 
the feed array in an aperture imaging system. Consequently, all elements in 


• High C/I ; 

• Simultaneous Multiple Beam Opera- : 

tion 

• Low Noise Figure : 

• Short Dwell Time : 

(Scanning Beams) 

• Satellite System Requirement : 
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the feed array are active in an aperture imaging system and are used for 
beam shaping and beamsteering as in a conventional phased array. The 
larger number of active elements results in greater power dissipation. In 
contrasti a focal-plane array uses a relatively small number of active ele- 
ments primarily for aberration correction, with the principle beamforming 
and beamstooring functions accomplished by the reflector system. Typical- 
ly, the number of active elements in a Gregorian system is near 1000 com- 
pared to 19 per beam for a Cassegrain system (addressed to the present 
requirements). The small number of active elements/beam in the Cassegrain 
system also allows a sample serial beamsteering control within the 100 gs 
minimum beumdwell, whereas the large number of active elements in the 
Gregorian system requires a more complex parallel beamsteering control. 

Not only is there a disparity in the number of active elements in the feed 
array, but also in the total number of elements. For typical designs ad- 
dressed to the present application, the total number of feed array elements 
is in the Cassegrain design compared to over 1000 in the Gregorian 
design. This larger number of elements in the feed array places the 
Gregorian system at a weight disadvantage considering the entire feed 
element module assembly and the beamforming network required. 

2.3.3 IF Beamforming 

The major disadvantage of an IF beamforming system is the weight and 
space penalties incurred through the implementation of the LO power distri- 
bution system. A second disadvantage of an IF beamfonner applies to a 
Gregorian (or phased-array) system. Any coherent component ot LO noise 
is increased by the number of elements in the feed (or array). Since the 
number of active elements is large in a Gregorian system compared to a 
Cassegrain system, the degradation in noise figure due to this effect is 
significantly greater in the Gregorian system. It is negligible in the worst 
case for the Cassegrain design, but totally unacceptable in the Gregorian 
system for the same worst case (viz., all added noise at the mixer being 
coherent LO noise) 

2.3.4 Printed Circuit Yagi Feed Array Elements 

Originally, printed circuit yagi radiating elements being microstrip 
compatible with the MMIC receive modules were considered for the feed 
array. However, the major disadvantage of these elements was the depolar- 
izing effect by a cross- polarized neighbor on the elemental patterns. This 
effect is particularly serious in simultaneous multiple beam systems where 
the local phase and amplitude excitations are not "locally uniform". Conse- 
quently, the decision was made to use dual- polarized circular horn radiating 
elements of proven design. 
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3 DETAILED CONFIGURATION STUDY RESULTS 


3.1 THE FOUR INITIAL DESIGN POINTS 

The four Initial design points were based on a technology assessment and 
consisted of three configurations for the simultaneous, multiple scanning 
beam system and one configuration for the simultaneous fixed beam system. 
Parametric design and performance trade-off studies were then performed 
centered on these initial design points to aid ir. the selection of the final 
design point. 

The three initial design points for the scanning beam system are depic- 
ted in Figures 19, 20, and 21, These initial design points were selected 
because they spanned the major design options; viz., dual reflector versus 
single reflector and focal-plane feeds versus aperture image-plane feeds. 
Thus, Figure 19 and Figure 20 are focal plane systems. More specifically. 
Figure 19 is an offset dual-reflector Cassegrain implementation while Figure 
20 is an offset single parabaloid implementation. Figure 21 is an aperture 
image design, specificallv a Gregorian system. 

Ideally, the focal plane systems focus an incident plane wave onto a spot 
at the feed array. The position of the focal spot changes with scan angle. 
Thus, ideally, beam scanning is accomplished with amplitude 'only control of 
the feed array elements. In actual practice, both phase and amplitude 
control is required over a diffused focal spot to compensate for optical 
aberrations and to suppress side-lobes. Simultaneous multiple beam opera- 
tion results in multiple focal ’’spots" across the composite food array with 
those feed array elements within each "spot" are activate. Nineteen active 
elements with phase and amplitude weights are used to form each beam. A 
total of 578 elements were used for six simultaneous beams. The design 
parameters of the Cassegrain system for the initial desigr: point in Figure 19 
were 


Primary Reflector Diameter 

F/D of Primary Reflector 

Offset of Primary Reflector 

Magnification of Cassegrain System 

Diameter of Secondary Reflector 

Secondary Reflector Focal 
Separation 

Diameter of Feed Array 
Number of Feed Elements 
Overall Length 


250 X 
1.2 
250 X 
2.0 
110 X 
80 X 
81.4 X 

578 (19 Active/Beam) 
270 X 


i'A'Ji: liLANK NOT FILMED 









Froure 21. initial Design-Point Geometry for Scanning Beam Antenna 

{Gregorian Reflector Optics) 


The Design psrBnietors of the single luraboloid reflector for the initinl de- 
sign points in Figure 20 were. 


• Diameter 

• F/D 

• Offset 

o Diameter of Feed Array 
9 Number of Feed Filements 

• Ovemll Length 


250 X 
2.4 
209 X 
40.6 X 

578 (19 Active/Dcam) 
600 X 


In contrast to the focal plane systeino, Ideally -tn aperture itTWge plane 
oystem transforms an incident plane wave to a scaled replica of the incident 
plane wave over the feed array. The phase slope over the plane wave 
changes with scan angle. Thus, ideally, beam scanning is accomplished with 
phase-only control of the feed array elements. In practical systems, both 
amplitude and phase control are required to maintain low sidelobe perfor- 
mance over wide scan angles. However, the more serious departure from 
phase-only control occurs with simultaneous, multiple beam operation. Since 
the same elements are involved frr all beams, the complex superposition of 
multiple plane waves across the feed array results in an amplitude variation 
just as extreme for an aperture-image system as for a focal plane image 
system. For the Gregorbin implementation depicted in Figure 21, the feed 
array consisted of 1039 elements of eich polarization, all active. The design 
parameters for the Gregori>in system initinl design point were 

o Di>i meter of the Primary Reflection : 271 X 

o F/D of the Primary Reflectors : 1 

• Magnification of the Gregorian : 6 

System 

: 93 X 

e Diameter of the Secondary 

Reflectors : 45 X 

» Diameter of the Feed Array 

: 1039 

o Number of Feed Elements (Dual 

Polarized) : 296 x 

• Overall Length 

The initial design point for the multiple fixed beam system was selected 
to be an offset Cassegrain similar to Figure 19. The design parameters for 
the initial design point for the 18 fixed beam initial design point were the 
same as for the 6 scanning beam design except for the feed array which 
consisted of 342 elements rather than 578 elements (still 19 active per beam). 


3.2 RESULTS OF PARAMETRIC DESIGN STUDIES 

The range of parameters considered in the tradeoff study Is summarized 
in Table IS. 


TABLE 15. TRADEOFF STUDY OVERVIEW 
INDEPENDENT VARIABLES 


Aperture Diameter 1SO>400A 

F/D .6-2.4 

Effective F/D 1.2- 2. 4 

Magnification 1.2-3. 

Peed Element Spacing 1.0 X 3.6X 

Number of Elements/Beam 1-61 

Choice of Elements/ Beam 

Element Gain 3 dB-30 dB 

Feed Array Defocus 0-.04F 

Scan Angle 0°-3® 


DEPENDENT VARIABLES 

Maximum Gain 
Gain 

Beam width 

Average Sidelobe Energy in a Region 
Peak Sidelobe 

Peak Cross-Polarization Sidelobe 


AS REQUIRED ; 

Offset 

Subreflector Diameter 
Subreflector Axis Tflt 
Subreflector Focal Length 


COMf*UTER PROGRAM DESCRIPTION 


The techniques used in the computei* programs for calculation of the far 
field antenna patterns are described below. 


MAIN REFLECTOR 

® Uses Jacobi-Re isol series expansion technique for offset parabo- 
loid.* 

o Efficient method of computing large nuniber of far field points for a 
large reflector. 

o First obtains a set of coefficients, 

o Then uses coefficients to compute complex vector far field. 


SURREFLECTOR (IF USED) 

o Computes scattered complex vector far field. 

o Uses onlv geometric optical formulation,** including divergence 
factorresulttng from surface curvature. 

FEED 

o Cos^( 0 ) pattern assumed. 

o No cross-polarization component from the feed, 
o Equal E-plane and M-plane patterns, 
o n chosen based on element spacing. 


* Rahmat-Samii, Galindo-Israel , "Shaped Reflector Antenna Analysis Using 
the Jacobi-Ressel Series," IEEE Trans. Antennas Propagation , Vol. 
AP-28 , p. 425-435, July 1980. 

** Lee, Cramer, Woo, Rahmat-Samii, "Diffraction by an Arbitrary Subre- 
flector: GTD Solution," IEEE Trans. Antennas & Propagation , Vol. AP- 
27, p. 305-316, May 1979. 


COMPUTATIONAL PROCEDURE 


The following steps describe the sequence of program usage for evalua- 
tion of array fed reflector performance, exploiting the efficiency of the 
Jacobi- Bessel expansion technique. 


1. Define geometry of optics and feed. 

2. Run Jacobi-Dessel program to obtain coefficients and complex vector far 
field data over a ± 2® square region, A = 0.1®, for each element. 

3. Rerun Jacobi-Bessel program, using coefficients computed in step 2, to 
obtain complex vector far field data at a small number of selected points, 
specifically to define a circular collar around the desired beam direction 
to control the skirts of the main beam, and principal cuts through the 
desired beam center direction. 

4. Optimize as desired with a selected sot of elements, using the sidelobe 
suppression technique described in Appendix A. 

5. For a n^jw beam direction for the same sot of elements, repeat steps 3 
and 4. 
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TRADEOFF STUDY GROUND RULES 


The following assumptions and constraints were used for the tradeoff 
study. 


• Sidelobc Statistical Region 
. 5® - 2° • 


Average sidelobc value is average power in this re- 
gion. 


Peak sidelobe is peak in this region. 


• Fixed Diameter Main Reflector 

• Approximate fixed beamwidth for similar sidelobe levels. 


• Optimization Technique - Two Methods. 

• A « Minimize average sidelobe over region for given gain, 

without suppressing peak sidolobes. 

• A P Optimum calculation is weighted incrementally to minimize 

the peak above average sidelobe ratio. Fixed collar has 
more significance, so that the null to null beamwidth is 
controlled. A collar of radius ,42® is used for all cases, 
unscanned or scanned. 

• Definition of suppression region has been fixed, complete from 
collar out to 2®. 


• Scanning 0®, and 3° as representative cases. 
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TRADEOFF STUDY GROUND RULES (Cont'd) 


o Computed Gain Reported 
• Includes spillover loss, 

e No surface losses or errors included. 

o Relationship between C/I and sidelobe level, 
e 30 dB C/I Spec. 

o Multiple beam ma>’gin requirement. 

o Assume equal contributions from all other beams. 


o Case 

0 Margin 

o Average Sidelobe 
Requirement 

6 beams 

7.0 db 

37.0 dB 

10 beams 

9.5 d?3 

39.5 dB 

18 beams 

12.3 dB 

42.3 dB 
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OPTIMIZATION OF OPTICAL CONFIGURATION 


Basic Configuration - Dual Reflector F/0 = 1.2, M = 2. 

Necessary to determine precise diameter for desired beam width, gain, 

and sidelohes. 

• This is dependent on element patterns. 

• To provide good sidelohes for any beam, the rule of thumb is to 
design for 3 dB crossover of secondary element patterns. This is 
primarily a function of element spacing, and secondarily dependent 
on element gain. The highest realizable element gain is desired to 
increase the overall antenna gain. 

General Approach 

• Plot beam width, gain, sidelohes versus n versus D, as in Figures 
22, 23, and 24. 

• Enlarge plot of secondary element pattern beamwidth versus ri 
versus n, as in Figure 25, 

• Plot the range of secondary pattern beamwidths versus element 
spacing by relating a range of n to element spacing. 



aq^YP = 2.20 ®MAX ~ 2.88 

• On the same graph plot beam peak separation versus element 
spacing. This is essentially the beam deviation factor. 

• Normalized results of this exercise are plotted in Figure 26. The 
intersection of the appropriate curve from each family indicates the 
element spacing required for 3 dB secondary element pattern cross- 
overs. 

• Optimize for low sidelobc performance with an array feed and cor- 
relate beamwidth and gain and sidelobe performance with position 
relative to predicted curve. 

• Plot gain versus average sidelobe convergence curve. 

• Bandwidth considerations 

As frequency increases, element spacing increases, but F/D 
remains constant. This makes the element crossover levels 
lower and degrades sidelobe control. 


3.2.1 Configuration Drawings 

The configuration drawings in Figures 27 through 33 illustrate the 
general proportions of the range of cases considered in Ihe parametric 
study. All drawings are made for a 250 A diameter main reflector, with a 
range of focal lengths and magnifications. Scale is 20 wavelengths per small 
division. Of particular interest is the ojnfiguration for F/0 = 0.6, M=2. 
The blockage free design algorithm correctly showed that no such design 
was possible, with the subreflector axis parallel to the main reflector axis. 
Tilting the subrefloctor axis as shown leads to 2 blockage free design. 
However, due to the subreflector’s short focal length, the realized inagnifi* 
cation falls off rapidly with the large scan angles, 

3.2.2 Blockage Avoidance 

A simple computer program based on geometrical optics was written to 
establish design curves for blockage free offset dual reneotors. The crite- 
ria is illustrated in Figure 34, The upper edge of the subreflector must fall 
in the shaded region in order to reHect the rays necessary for scanning 
down in elevation, yet not block the collimated rays from the main reflector 
for that same case. Furthermore, the top edge of the feed array must not 
block the rays between the two reflectors for scanning up in elevation. 

On tbe basis of these criteria, a set of blockage free design curves wore 
generated. A typical set of curves is shown in Figure 35, for a given F/D, 
maximum elevation scan angle, and subreflector focal length. The descend- 
ing curve represents the criteria for the top edge of the subreflector. The 
ascending curve represents the criteria for the top edge of the feed array# 
The shaded area is then the allowed space from which the magnification and 
offset can be chosen. 

3.2.3 Standard Aperture Curves 

The gain and beam width curves in Figure 36 are included to allow the 
reader to readily compare antenna performance to that of several standard 
aperture illuminations. The relative performance level can then be used to 
predict performance of a similarly scaled design at a new aperture diameter. 
Curves are based on data given in Hansen.* 


Hansen, Microwave Scanning Antennas, Vol. 1, p. 66, 1964, Academic 
Press, New York. 
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F 600 X 
O : 208. 5 X 



SIncjlu Fl'ccI 
at Focus 


Figure 23. Performance of Single Element Beam vs 
Element Gain Parameter, D=275 






D 300 X 

F 600 X 

0 - 308. SX 

Fi*od 
at Focus 


Figure 24. Performance of Single Element Beam vs 
Element Cain Parameter, D=300 
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Figure 27. Single Reflector F/D 












3.2.4 Element Pattern 


A simple cos 0 pattern is used to model the feed elements for com- 

puter simulations. The exponent was chosen initially as n function of ele- 
ment spacing, baaed on the curves given in (1), shown in Figure 37. 
Values of the exponent for the final design simulations were based on the 

gain and beamwidth of the horn used r ♦he final element design. The 

element patterns used were linearly pc ed with no cross-polarization 
component. Potential sidelobes in the element ; atterii are not modeled. 

3.2.5 Reflector Antenna Performance vs Element Gain 

Reflector performance parameters are plotted as a function of the ele- 
ment pattern parameter n in Figures 22 through 24. Gain, beamwidth, and 
several measures of sidelobe performance are provided. The most obvious 
conclusion that can be drawn from these graphs is that a single element 

capable of providing the desired beam gain and sidelobe level is too large to 

permit the small element spacing required for the desired angular spacing 
between adjacent beams in the far field. For small n, the element pattern is 
broad. The reflector illumination is nearly uniform, leading to the narrow- 
est achievable beamwidth, and lowered overall gain due to large spillover 
losses. The sidelobe levels are high due to the high edge illumination. For 
very large n, the reflector is Oluminated inefficiently, so gain and beam- 
width appear to behave as they would for a shrinking aperture. However, 
the sidelobe level continues to improve due to the decreasing edge illumina- 
tion. The sidelobe curves based on the region from .5® to 2° reverse 
suddenly as the skirt of the main beam grows beyond .5° radius. The 
cross-polarized sidelobe curve is not constrained to any region. The true 
peak sidelobe curve reports the largest sidelobe beyond the end of the 
skirts of the main beam, wherever they may fall. 

3.2.6 Discussion of Convergence Trade Curves 

A phased array fed reflector antenna has a great deal of flexibility. 
The tradeoff curves describe performance as a function of design. How- 
ever, for any given design, the antenna can be operated in a number of 
ways, as the amplitude and phase weights are varied. With an adequate 
design, beams of various characteristics can be generated by the beamform- 
er. A rea^'nable compromise among gain, average sidelobe level, and peak 
sidelobe level was used for choosing the best design. Alternatively, weights 
can be chosen which optimize gain alone, optimize average sidelobe level 
ovor a region without regard to peak sidelobe level. Another option is to 
create a good lower gain beam with a wider beamwidth than would be normal 
for the reflector dimension. Also, specially shaped beams can be formed as 
an extension of this procedure. 


[1] Y. Rahmat-Samii, "Realizable Feed-Element Patterns for Multibeam 
Reflector Antenna Analysis," IEEE Trans, on Antennas and Propagatirn, 
Vol. AP-29, No. 6, Nov. 1981. 
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Subreflector Magnification 





Cain dB 



Figure 36. Standard Gain and Bearnwidth for Circular Aperture 



The computer program used for the design process can determine the 
weights and pattern for any such beam, once the secondary eJemont patterns 
are known. The sample optimization curves. Figure 38, demonstrate the 
oomprornisa usually taken. The starting point is near the maximum gain 
case. Both average and peak sidolobes are then suppressed until a satis- 
factory level is reached, or the gain degrades bolow a minimum gain re- 
quirement. Note how the peak above average ratio is compressed as the 
iterative procedure is continued. 

The actual value given as the average sideloho level depends on the size 
of the averaging region. Use of a large area makes the average artificudly 
low, since most of the sidelobe energy is concentrated in a small region 
around the main beam. 

riain and sidelobe performance trades are illustrated in Figtjres 38, 39, 
40, and 41 as functions of subrefloctor magnification, element gain, and scan 
angle. 

A trade study was performed concerning the ability of an array feed to 
generate the narrowest possible beam for an undersized renect(^r. The 
results are plotted in Figure 42, Reamwidth is plotted vs. the peak sidelobe 
level in the region beyond .5” from the main beam center, in order to pre- 
sent a relationship between heamwidtli and gOf>d performance. A 250 ) re- 
flector was used, with F/1) = 2.4. Results are plotted parametrically with 
number of elements used and clement spacing in wavelcitglhs. 

A significant turning point is seen by comparing the graphs of 7 and 19 
elements with those of 37 and 01 elements. The curves for the smaller 

numbers of elements show sooner or later, a steep increase in henmwidth 
degradation as the sidelobe level is improved. In contrast, the results for 
the larger number of elements show an apparent limit to benmwidth degra- 
dation as the sidelobe level is improved. However, in most applications the 
19 element cluster would realize most of the improvement possible. 

3.2.7 Maximum Gain Rnvelope 

The maximum gain excitation is the simplest set of array weights to 
compute. Each element weight is set to simplify the complex conjugate of the 
secondary pattern field strength in the direction in which a beam is desired. 
This condition gives more gain than any other condition. A compre’iensive 
plot of the maximum gain as a function of scan angle is known ns the maxi- 
mum gain envelope. This plot in itself is not an antenna pattern. The 
maximum gain envelope for several design conditions is shown in Figure 
43. 


The maximum gain envelope is useful in estimating array reflector per- 
formance. The gain vs. scan performance for low sidelobe beams has the 
same shape as the maximum gain envelope, but typically has from .5 to 1.5 
dR less gain. When the maximum gain envelope has a significant ripple, low 
sidelobe performance vs. scan is found to be good near ripple peaks but 
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DIRECTIVITY 
10 log (2M2n^D) 


0 . 

1 . 

3. 

10 . 

30. 

100 . 

300. 


(3 OB) 
7.8 
11.5 
16.2 
20.9 
26.0 
30.8 


EDGE TAPER 

HPBW FOR F/D « 2. A* 


89.9 

53.9 

29.9 

5.5 


0 . 

-.2 

-.5 

- 1.8 

-5.5 

-13.2 

-54.7 


•23.4° SUBTENDED ANGLE 




in 


Figure 37. Element Cain Parameter n (q) vs Element Spacing 






GAIN dB GAIN dB 


NOTES: GAIN VS. SCAN FOR 40dB AVERAGE S.L., 10 ELEMENT ARRAY 
OVAL REFLECTOR EQUIVALENT F/D • 2.4 



NOTES: GAIN VS. SCAN FOR -4048 AVERAGE S.L., 19 ELEMENT ARRAY 


DUAL REFLECTOR F - 1.2, M • 2. SINGLE REFLECTOR F - 2,4 



n - 36, D - 3.6A DUAL 


n - 25. D - 3.6X DUAL 


Figure 39a. Cain vs Scan Angie vs M, Constant Equivalent F/D 
Figure 39b. Gain vs Scan Angle vs Element Cain Parameter n 


PEAK GAIN • dB 



Figure 40. Optimization Curves for Constant Effective F/D 
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PEAK GAIN wa> 




Figure 





11. Optimizdtion Curves vs Scan Angle vs Element Gain Parameter 
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ELEMCNT SPACING/ 




'sc 



Figure 43. Maximum Cain Envelope vs Element Spacing vs Scan Angle 



0®SCAN (19) 



Figure 44. Maximum Cain Case Ripple vs Normalized Element Spacing 
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poor near ripple valleys. Therefore an antenna should be designed such 
that the ripple of the maximum gain envelope is less than .5 dB. Data on 
element spacing vs. ripple is shown in Figure 44. from a number of different 
design tradeoffs. Element spacing is normalized by the wavelength and the 
F/D ratio. Thus a design for continuous scan capability requires a normal- 
ized element spacing less than 1.25. 

3.3 RECOMMENDED CONFIGURATION 

Table 16 summarizes the derived design/performance parameters of the 
three major antenna configurations. The principal disadvantages of the 
single reflector design is its greater axial length, poorer noise-figure, and 
higher sidelobes. The principal disadvantages of the Gregorian design is Its 
larger weight (attributed primarily to the six parallel 1039: 1 beamcombiner 
networks) and its greater DC power consumption (attributed to the large 
number of active rnodules required). The Cassegrain design emerges as a 
clear design choice. The principal ’’disadvantage” of the Cassegrain design 
is the requirement for variable gain ampliliers, but this requirement in fact 
represents an excellent match between hybrid antenna design requirements 
and MMIC capabilities afforded in a distributed receiver implementation. 

The Cassegrain configuration is recommended both for the scanning beam 
and the fixed beam design. This recommendation is vummarized in Table 17. 
The recommendation of the same configuration for both the scanning and the 
fixed beam systems is favorable for the eventual integration of the two 
systems into one antenna assembly. The rationale for the selection of the 
recommended configurations is summarized in Table 19. 


TABLE 16. ANTENNA CONFIGURATION SELECTION MULTIBEAM 
SCANNING ANTENNA COMPARISONS 



Gregorian 

Cassegrain 

Single Reflector 

F/D 

1 

1.2 

2.4 

Main Reflector Diameter 

271 \ 

250 X 

250 X 

Subreflector Diameter 

03 X 

110 X 

N/ AP 

Feed Beam 

45 X 

86 X 

76 X 

Overall Length 

296 X 

270 X 

600 X 

Number of Elements 

1039 

578 

578 

\ctivo Elements 

1039 

19 

19 

Magnification 

6 

2 

N/AP 

Gain^ 

0° : 55.7 

3.5°: 54.5 

0° :56.1 
3° ;55.7 

0° :55.2 
3° : 54.8 

(SL)^1>2) Average 

0° ; N/AV 

3.5°: N/AV 

0° :-40 dB 
3° :-40 dB 

0° ‘.-40 dB 
3° :-40 dB 

(SL)(l) Peak 

0° : -40 

3.5°: TBD 

0° :-32 dB 
3° ;-31 dB 

0° :-28 
3° :-27 

NF 

5.2 dB 

5.0 dB 

6.3 dB 

RCN CRF Beamforming) 

6 X 1039:1 

6 xl00;l 

6 X 100: 1 

Total DC Power Consumption 

6 X 44 

6 X 6 .0 

6x6.0 

Rel. Feed Array Weight 

10 

1 

1 

Element Diameter 

1.33X 

3.6X 

2.7X 

Variable Gain Range 

Trim Only 

40 dB 

40 dB 


(1) Scan Angle: tiB 

(2) Averaged Ov_-r Annular Region of 0.5° to 2.0° Radius 


TABLE 17. RECOMMENDED ANTENNA CONFIGURATIONS DESCRIPTION 


• Scanning Multiple Beam Antenna 

- Focal Plane Feed Aray with Cassegrain Optics 

- ’’Microstrip" Yagi Radiating Elements 

- RF Beamforming Network, Uniformly Weighted Power Combiner 
• LNA, Phase Shifter, Variable Gain Amplifier MMIC RF Modules 

0 Fixed Multiple Beam Antenna 

Focal Plane Feed Array with Cassegrain Optics 
"Microstrip” Yagi Radiating Elements 

- RF Beamforming Network, Optinruilly Weighted Power Combiner 
LNA, Phase and Gain Trim MMIC RF Modules 


TABLE 18. RECOMMENDED ANTENNA CONFIGURATIONS 
SELECTION RATIONALE 


o Focal Plane Optics Requires Smaller Feed Array 

- Fewer Elements 

- Lighter Weight 

- Lov/er Loss 

- No RF Power Division at the Element 

- Lower N/F 

- Lower DC Power 

- Less Circuit Routing Conflicts 

o Cassegrain Optics Provide Superior Performance 

Higher Gain 

- Lower Sidelobes 

- Lower N/F 

o Cassegrain Optics Results in Shorter Structure 

o RF Combining Provides Less Complex LO Po .er Distribution Network 

- Lighter Weight 

- Less Circuit Routing Conflicts 

o "Microstrip" Yagi is MMIC Compatible 

Minimal Transitions 

- Lightweight 

- Compact 
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4.0 HADIATING JiLRMRNT 


The choice of a radiating element for use in the reflector antenna's 
prima.y feed array is based on criteria pertaining to electrical performance 
and mechanical Interfacing. For the feed arrays under study, th“ element 
spacing In terms of wavelength is relatively wide, resulting in the formation 
of undesired grating lobes. The selected radiating element should therefore 
have relatively narrow E and H plane beam widths (resulting in element gain) 
and low sidelooe levels to aid in the suppression of the grating lobes. 
These field pattern characteristics for the element should also remain es- 
sentially constant over the operating band. 

To minimise interference between closely located fixed beams ind adja- 
cent sector scanning beams, alternate vertiital and horizontal polarization is 
employed. Therefore, the radiating elements must provide independent dual 
polarization or be linearly polarized and amenable to being arranged in an 
interleaved orthogonal configuration. The linearly polarized elements must 
also have a cross iwlarization component that is low with respect to the co- 
polarized component. 

To physically locate the active circuitry into the limited elemental area 
of the feed array, it is necessary to orientate the modules in a longitudinal 
fashion. To effect an efficient and reliable interface between the radiating 
elements and the modules, it is desirable that the elements also be orientated 
in a longitudinal manner. This arrangciiK.Tit is also dictated if the radiators 
are to have relatively narrow beamwidths and must fit within the elemental 
area. 

Two classes of radiating elements were studied for application in the 
reflector antenna's primary feed. They are the conical horn excited for two 
orthogonal linear polarizations and printed end-fire radiators which include 
the zig-zag and the yagi. Due to its superior electrical performance for its 
physical size, the conical horn has been selected for application in the feed 
array. 

4.1 CONICAL HORN HAHIATOR 

The conical horn antenna has been selected as the radiating element in 
the reflector antenna's primary feed array. For its physical size, it offers 
high directivity over the entire operating hand (27.5 to 30.0 CfMz). In 
addition, it may V^e excited to provide two orthogonal linear polarizations 
having coincident phase centers. 

7'he olvctrical properties of the conical horn are dictated by its axial 
length "L", its aperture radius "a", (see Figure 45), ano the propagating 
modes which are excited within the waveguide feed and within the horn's 
mouth. The initial studies considered horns which are excited in the fund- 
amental TEj circular mode. 


Liv 


.CLIJJNG 


PAGE BLANK NOT FILMED 
87 



Tho fur field rudtntion characteristics of various horn designs were 
determined using the vector diffraction formula us outlined by Nnrasimhun 
and Rao*. This technique yields tho horn’s radiation patterns for a calcu- 
lated horn aperture field. 

To achieve rmiximum element gain, the '“ood horn’s aperture is selected to 
be us large as possible. Since the radiating elements of tho primary feed 
array are arranged on an equilateral triangular grid with spaolngs of .3.232 
cm. (.3.1 A at center band, 2R.75 OHz), the horn outside diameter at the 
aperture is limited to this value. Therefore, if tlie horn wall thickness is 
0.25 mm tlien the aviximum conical horn aperture radiu.s will bo 1.52(5 X at 
center band. 

The calculated directivity for a 1.52RX aperture radiu.s horn ii.s n func- 
tion of its axial length is given in FTguro 4fi. The longer tho horn Is made, 
the more constant tho phase across its aiK'rlure bocomoa, resulting in higher 
directivity, iiowevor, it may be noted that the increase in flireotivity di- 
mini.shos for subsequent lnc;reases of horn axial length. 

A feed horn do.sign having an axial length of 5.5 X at center hand has 
been selected. This design yields a far field directivity, a.> showfi in Figure 
47, of 18,5 to 19.4 dRi over the 27.5 to 30.0 Gifz band. This level is com- 
patible with the requirements lor the primary fee/J array. Tlie far field E- 
and H-plane patterns at center banci are shown in Figure 48. The half- 
power beam widths for each of tho.se oul.s is on the order of 19®. 

'Phe fundamental TEj j rr. jde ciinic.c* horn will have low cross-polarization 
components in its principal planes. The oro.ss-polarization in the diagonal 
planes may be minimized by the selection of the aperture size. Adatia, et 
al*’"'* have shown that cro.ss-polarization radiation in the diagonal planes 
theoretically vanishes for an aperture radius uf 0.575 X . 'Phis size, how- 
ever, restricts tho maximum ['mssible directivity to a level lower than that 
required for tho elements of the primary food array. 


* Narasimhan and Rao, ’’Radiation from Conical Morns with Ijarge Flare 
Angle.s," IEEE Transactions on Antennas and Propagation, Vol. AP-I9, 
pp. 678-681, Sept. 1971 . 

** Adatia, Rurige, and Parini, "Mathematical Modeling of the Radiation 
Fields from Microwave Pritnary-Feed Antennas," Proc. 7th European 
Microwave Conference, Copenhagen, 1977. 
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Aperture Radius - 1.59 cm 
Axial Length = 5.73 cm 




A) E-Plane 



B) H-Piane 


Figure 48. Far Field Patterns for TE-* Mode Conical Feed Horn 

Aperture Radius = l . 526 
Axial Length = 5.5 
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The cross-polarizfltion components may alternately bo roducod by the 
inclusion of higher order inodes of the proper magnitude and phase with 
respect to the fundamental TRj j mode. As an OKample, the far field diago- 
nal plane patterns for a 1,17 X aperture radius conical horn with relative 
higher order mode levels at the aperture of: 

TM, j/TRjj = 0.1453 

= “0.0052 

are shown in Figure 49. Thu TMjj mode is In phase with the TR, j mode at 
the aperture while the TRj^ mode is 180® out of phase (as denoiod by the 
minus sign). The component mode main- and cross-polarization far-field 
patterns relative to Isotropic for the 'I'Fj, . f Wj j , TK.^ , and rim current at 
the aperture edge are given in Figures 49A through 49R. The phase of the 
TRj j cross-polarization signal is 180® with respect to the others. Note that 
the TP4J j has equal main- and cross-polarizations in this plane which ap- 
proximately match ihe shape of the 'I'Ri j cross-polarization lobe. Overlaying 
the TR. j and TMj ^ patterns gives a clear indication of the difference in 
power levels for cross-polarization cancellation at any desired aspect angle, 

4.1.1 Feed System for the Conical Horn Radiator 

The conical horn radiator is fed by a section of cylindrical waveguide. 
The inside diameter of the guide is selected so that only the fundamental '5’R, j 
mode will he supported. Choosing the standard WC 28 waveguide size which 
has an inside diameter of 0.714 cm places the TRj j cutoff frequency at ?4.64 
OMz. The next higher TN^ j mode cutoff fre(|uency for this guide is at 32,19 
CiHz which is ahr, vc the hand of interest. 

The fundamental mode is excited in the waveguide by a coaxial R-field 
probe which extends through the wall of the guide to the microstrip circuitry 
of the active receive modulo. Two orthogonal probes are employed to 
achieve the independent vertical and horizontal feed horn polarizations. 
The arrangement is shown in Figure 50. The input guide impedance at the 
probe is determined primarily by the probe length l and the probe location 
with respect to the shorting back plane C*. A vertical grid within the guide 
provides an effective short for the verticil (?omponent of the electric field. 


Deshpanole and Das, "Input Impedance of a Coaxial bine to Circular 
Waveguide Feed," IREK Transactions on Microwave Theory and Tech- 
niques. Vol. MTT-25, pp. 954-957, Nov. 1977. 
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Figure 49A. Net Far-Field Pattern (Diagonal Plane) 





Figure 49B, TE,. Mode Pattern (Diagnonai Plane) 
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Figure 49D. TE,., Mode Pattern (Diagonal Plane) 



ASPECT ANGLE OJEG) 

Figure 49E. Rim Current Pattern (Diagnonal Plane) 

Figure 49. Computed Multi-Mode Concial Horn Diagonal Plane Far-Field Pattern 
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Microstrip ModuU* Circuitry 
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Vertical E Field Shorting Plane 


a 0.062cm 
b - 0.213cm 

c - 0.310cm 

d - 0.714cm 

e = 0.011cm 




Figure 50. Coaxial Probe i ransltion for Interfacing the Conical Horn 
Radiating Elements and the MMIC Receive Modules 



% 

The inside and outside conductor diameters and the dielectric fill of tha 
coaxial probe are selected to result in the desired probe impedance and to 
place the cutoff frequencies of the non-TEM coaxial modes above the 30 GHz 
upper band limit* 

4.1.2 Mutual Coupling with Conical Horn Radiating Elements 

The perturbation due to mutual coupling of the desired excitation of a 
cluster of conical horn feed elements has been investigated. The method 
used to determine element to element coupling was developed by Steyskal*. 

The dual reflector scanning antenna feed array consists of a cluster of 
19 active dements* The 19 elements are conical horns arranged on an equi- 
lateral triangular grid with spacings of 3.1 X at center band. The horns 
have aperture radii of 1.526 A and are excited in the TE^. fundamental 
mode. The arrangement of the feed cluster horns is shown in Figure 51. 

The design excitations of the feed elements for a typical scanning berm 
(case 203a) are labeled in Figure 51A. Both the amplitude and phases are 
given normalized to the excitation of the cluster’s center element. The 
resultant excitations, which are the design excitations modified due to 
mutual coupling effects, are given in Figure 51 B. The perturbation defined 
as design minus resultant excitations are reported in Figure 51 C. As is 
evident in this last figure, the effects of mutual coupling on the design 
excitations of the feed array employing high gain conical horns is insignifi- 
cant. 


4.2 PRINTED RADIATING ELEMENTS 

End-fire radiating elements that may be printed directly onto a sup- 
porting substrate were studied as an alternative to the conical horn radiator 
for application in the reflector antenna's primary feed array. These type of 
elements offer the advantage that they can be interfaced directly with the 
monolithic active circuitry. However, since their practical limit of directiv- 
ity appears to be in the neighborhood of 15 dBi, they were Judged inade- 
quate for application in the selected antenna configuration* These style of 
elements may be employed in other reflector /feed configurations which 
require a lower level of elemental gain. 

Two types of printed end-fire radiating elements have been studied. 
These are the zig-zag and the yagi. The physical dimensions for both 
radiators were developed using a met hod -of- moments computer program. For 
the zig-zag, the peak directive gain, sidelobe level, and operating band- 
width are determined by the element's section lengths, section pitch angles, 
the total number of sections, and by the spacing of the radiator from the 
feed ground plane. A six-section 1.62 X long design that was arrived at by 


• Steyskal, "Analysis of Circular Waveguide Arrays on Cylinders," IEEE 
Transactions on Antennas and Propagation, Vol. AP-25, pp. 610-616, 
Sept. 1977. 
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(a) Design Excitations 



(b) Excitations PorUirbed by Mutual Coupling 



(c) Difference Between Design and Perluj-bed Excitations 


Figure *, Scanning Beam Feed Cluster Excitations 
Element Excitation Magnitude Given in dB, Angle in Degrees 
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computer modeling is shown in Figure 52. The calculated E and H plane far 
field patterns for this design are shown in Figure S3. The directivity at 
center band in the end-fire direction is on the order of 15 dUi. The calcu- 
lated directivity as a function of frequency is shown in Figure 54. 

Two zig-zag elements were fabricated based on the dimensions from the 
computer model. One was self-supporting, being etched out of brass, while 
the other v;as printed onto a teflon-glass supporting substrate. Figure 55 
shows the H-plane principal pattern and cross- polarization pattern for the 
self-supporting element operating at center band. The measured peak gain 
is approximately 12 dBi which is 3 dB less than the calculated maximum 
directivity. Some of this discrepancy may be attributed to the mismatch at 
the connector to feed transition in the test antenna. The cross- polarized 
component remains essentially 20 dB below the oo-polarized component in the 
element's main lobe. 

The six-section zig-zag radiator printed onto a supporting substrate is 
shown in the photograph of Figure 56. The measured H-plane principal 
plane pattern and cross-polarization pattern for this element is given in 
Figure 57. The center frequency was found to be shifted down 11% from its 
self-supported counterpart. It was also found that the main lobe broadened 
and that the cross-polarized component increased. These results indicate 
the segment length and pitch angle must must be altered for the dielectri- 
cally supported design. 

Both calculations and measurements indicate that the zig-zag's perfor- 
mance is highly dependent upon frequency. This is evident in the end-fire 
directivity versus frequency plot of Figure 54. An alternative radiator 
which may be designed to have less gain variation over the required band is 
the Yagi - Uda array. Two of the designs investigated are shown in Figure 
58 A and B. One design is comprised of ten elements and has an overall 
length of 1.8 X . The parasitic element spacing and taper schedule were 
selected so as to make the directivity relatively constant over a 12% band- 
width. The second yagi is comprised of fifteen elements and has an overall 
length of 4.2 X . The parasitic element spacing and taper schedule for this 
antenna are based on a National Bureau of Standards maximum gain de- 
sign.* 

The calculated free-space end-fire directivity as a function of frequency 
for the two yagi designs are shown in Figure 59. It is seen that the ten- 
element yagi has a wide directivity bandwidth while the larger yagi provides 
a higher peak directivity and is more dependent on frequency. In both 
cases, the directivity over the required band is less frequency dependent 
than for the zig-zag radiator. The calculated E- and H-plane patterns at 
center band for these two designs are given in Figure GOA and B. 


♦ Viezbicke, "Yagi Antenna Design," National Bureau of Standards Tech- 
nical Note 688, Boulder, Colorado, 1976. 
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Figure 57. Six Section Dielectric Supported Zig-Zag H-Plane Measured Patterns 





DALANCCO 

FEED 



ELEME NT ):ENCTI(_ 

REFLECTOR (R) 0.5‘17cm [0.215 In) 

DRIVEN (DR) 0. 503 cm (0,182 In) 

DIRECTORS (DI-DO) o. 39M cm (0,155 in) 

ALL ELEMENT SPACINCS ARE 0 , 2 U 5 cm (0.081 In) 

Figure 58A. Ton Element, 1.8A Long Design 



ELEMENT 
REFLECTOR (ft) 

DRIVEN (DR) 

DIRECTORS (D1, D2) 

DIRECTOR (C l) 

dIrECTOH (DI|) 

DIRECTOR (05) 

DIRECTOR (DO) 

DIRECTOR (D7) 

DIRECTORS (D8 D 1 3) 


BALANCED FEED 



D5 D5 D3 D2 Dl DR R 

length 

0,1187 cm (0.'192 in) 

0, 556 cm (0, 180 In) 

0. 526 cm I 0. I CO in) 

0. 509 cm (0, 161 in) 

0.508 cm (0. ICO in) 

0.505 cm (0.159 in) 

0. 397 cm (0. 156 in) 

0. 393 cm (0. 155 In) 

0. 388 cm (0. 153 in) 


REFLECTOR TO DRIVEN SPACING (SM - 0.205 cm (0.081 In) 
ALL OTHER ELEMENT SPACINCS (G) - O. llGcm (0 125 In) 


Figure 58B. 15 Element, Long NBS Design 

Figure 58. Yagi-Uda End -Fire Radiators 



109 


{4 



no 







The ten element yagi design was printed onto a teflon-glass supporting 
substrate which is shown in the photograph of Figure 61* The driven ele- 
ment is fed by a coplanar balanced transmission line. The reflector element 
is located on the backside of the substrate so as to avoid interference with 
the feed line* For testing purposes* a diode was bonded across the gap of 
the balanced tine at the point where the two conductors diverge* Pattern 
measurements were then performed by detecting a modulated field signal. 
This allowed for evaluation of the yagi antenna exclusively as opposed to the 
combination of the yagi and a balanced line to unbalanced microstrip transi- 
tion . 

Antenna pattern measurements of the ten element yagi indicate that it 
has an operating bandwidth of approximately 15%. The center frequency, 
however* is 13% lower than the free-spaoe design value* This lowering is 
due to the dielectric supporting substrate* The measured E- and H-pIane 
patterns at 26.0 GHz are shown in Figure 62. The cross polarized compo- 
nents are greater than 20 dB down from the principal plane components. 

4.2*1 Feed System for the Printed Yagi Radiator 

The yagi radiator is fed by a balanced coplanar transmission line which 
is printed directly onto the same substrate that supports the yagi's ele- 
ments. The characteristic impedance of the balanced line is selected to 
match the nominal yagi driven element feed point impedance* The balanced 
feed is transitioned to the microstrip format of the monolithic circuitry via a 
printed circuit balun* 

The configuration of the dielectrically supported balanced line is shown 
in Figure 63. The characteristic impedance of the line may be determined 
by modeling it as a pair of coupled microstrip lines on a suspended substrate 
operating in the odd mode* The bottom ground plane is considered to be 
located a relatively large distance with respect to the substrate thickness so 
that balanced line impedance becomes equal to twice the calculated rnicrostrip 
odd mode Impedance; 

Z (balanced line) = 2 Zodd (p strip) . 

The effective dielectric constant for the balanced line configuration is equal 
to that calculated for the coupled rnicrostrip lines. 

For a 0,254 mm (0,010 inch) thick alumina supporting substrate, the 
balanced line configuration with practical line widths and spacings has a 
lower impedance limit of approximately 70 ohms. This lower bound is due to 
the limiting value of line to line capacitance available in the coplanar config- 
uration. An impedance of 100 12 was selected for the yagi feed line. This 
corresponds to an alumina supporting substrate thickness h of 0,254 mm 
(0.010 inch), line widths B of 0.254 mm, and a line spacing s of 0.117 mm 
(0.0046 inch) (see Figure 63). 
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B : CONDUCTOR WIDTHS 
s GAP SIZE 

h SUPPORTING SUBSTRATE THICKNESS 


Figure 63. Balanced Yagi Feed Line Configuration 
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The calculated real and imaginary parts of the driven element feed point 
impedance for the 15 element, 4.2 X long yagi design of Figure 58fi is shown 
in Figure 64. As seen in the plot, the resistive portion R has a nominal 
value of 25 n over the band of interest while the reactive part X is centered 
about zero ohms. To match the 25 U feed point impedance to the 100 n bal- 
anced line, the open dipole driven element of the design of Figure 58 B may 
be replaced by an equal length folded dipole to effect an impedance trans- 
formation. The transformation ratio T^ is given by* 


cosh'^ ( 


T, = — 
* Z, 


1 + 


a^ - b^ + 1 
2a ~ 


12 


) 


, a^ + b^ - I 

cosh ^ { ) 

^ 2ab 


where 

Zf = folded dipole impedance, 

Zp = unfolded dipole impedance, 
a = d/R 
b - 

with rj and r^ being the radii of the dipole arms and d being their center- 
ll)>t‘ spacing. For a printed dipole with arm widths w^ and w^ , the equiva- 
lent radii are approximated by 

r. = 0.25 w. 

Tj = 0.25 w, . 

Therefore to match the dipole driven element to the 100 n feed line imped- 
ance, the transformation ratio must be equal to 4. This corresponds to 
the special case of parameter values b equal to 1 and a greater than or 
equal to 2. 

The width of the folded dipole arms may be conveniently chosen to be 
equal to the conductor widths of the balanced feed line. A drawing of the 
folded dipole yagi driven element is given in Figure 65. 


* 


Jasik, Antenna Engineering Handbook . McGraw-Hill, 1961, Section 3.3 
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Figure 64. Input Impedance of 15 Element 4. 2 A Long Yagi with 4.57 mm (0. 1798") Long 




OJ, ^ Wj 0.254 mm (0.010") 

d 0.381 mm {0.015") 

B 0. 254 mm (0. 010") 

s - 0. 117 mm (0.0046") 


Figure 65. Folded Dipole Driven Element for 15 Element, 4. 2 A Long Yagi 
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The balanced yogi feed Is transitioned to the miorostrip format of the 
monoUthio circuitry via a printed circuit balun*. A coaxial balun and its 
printed circuit equivalent are shown in Figure 66. The printed version 
locates the microstrip line and the balanced line on opposite sides of the 
supporting substrate with the balanced conductor forming a portion of the 
microstrip ground planes. Zg and are the impedances of the coaxial 
or miorostrip lines whfio Zg^ is the impedance of the balanced section. 

From examination of the balun circuit, the impedonoe V may be written 
as 


jR Z 


ab «ab 


V = -j Zjj cot 0 + - — 

If the electrical lengths 9 g|) and 9 b ore made equal 


R + j tan 0 


® b " ® ab “ ® 

then 

'« * j oot 6 I e) - Zb^'-nb 

Zab* cot^ 6 

Further, If the unbalanced lines hove equal impedances and the balanced hne 
impedance is equal to that of the load, 

Za = Zb 

find ^fib “ 

then 

Z* = R sin? 0 ^ j (col 0 )(R sin2 o - Zg) . 

The input impedance is matched, 

Z' = Zg = Zin 

at the two frequencies which yield 
0 = sin^ / Zg/R. 


Bower and Wolfe, "A Printed Circuit Balun for Use with Spiral Anten- 
nas," IRE Transactions on Microwave Theory and Techniques, Vol. MTT- 
8, pp. 319-325, May 1960. 
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The median of these two frequencies is the frequency at which 0 equals 90®. 
Therefore the balun input match exhibits a double tuned characteristic. For 
the special case of a 1:1 impedance ratio balun (Z^ = R), the match fre- 
quencies degenerate to a single frequency. 

The impedance of the monolithic microstrip circuitry is nominally 50 n 
while the yagi balanced feed lino impedance is 100 n. Therefore, the p»*inted 
circuit balun must provide an impedance transformation ratio of 2:1. The 
unbalanced microstrlp and balanced line sections which comprise the balun 
have respective impedances of 

Z|j = Z5 son 

and Zeb = = lOOn , 

The electrical line lengths may be selected to be 90® at center band, which 
yields an input VSWU of 2:1 at this frequency. The input to the balun will 
be matched to the 50 n monolithic circuitry when the electrical lengths of the 
balun lines are 

e = 0 b = 0 ab = 45®, 135®. 

A perfect match will not be achieved with this design since due to the 
slightly different phase velocities of the microstrip and balanced line sec- 
tions, their electrical lengths are not simultaneously equal to 45° or 135°. 
Alternatively, the balun may be designed so us to make the lines lengths 
both equal to 45® or 135° at center band which will then yield a perfect 
match at this frequency. 

For a 0,254 mm (O.OlO inch) thick alumina substrate, a 50 n microstrip 
line will have a width of 0.249 mm (0.0098 inch). Since the balanced line 
conductors comprise the microstrip ground plane within the balun, their line 
widths are selected to be approximately three times the microstrip width or 
0.71 mm (0.028 inch). The spacing between the balanced conductors is set 
so as to give a line impedance Z^b 199 n. This spacing, determined 
as for the balanced line feeding the yagi driven element, is 0.279 mm (O.OllO 
inch), A balun design with the line electrical lengths equal to 90° at center 
band (28.75 GMz) is shown in Figure 67, 

4.2,2 Mutual Coupling with Yagi Radiating Elements 

The mutual coupling effects on the yagi radiating element properties 
were investigated for two radiator configurations; 

1) One excited yagi surrounded by six terminated yagis of Uke polar- 
ization, 

2) One excited yagi in the presence of two terminated, close neighbor 
orthogonally polarized yagis. 
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TO YACI FOLDtO OIPOLE DRIVEN ELEMENT 
( looa BALANCED) 

f 



TO ACTIVE RECEIVE MODULE 
(MICROSTRIP SOflUNBALANCED) 


Figure 67. Printed Baiun Design with 2:1 impedance Transformation 



The first configurution consists of a total of seven 4.2 X long yagis 
arranged on an equilateral triangular grid. This arrangement is shown in 
Figure 68. The center element is excited while its surrounding neighbors 
are terminated in their nominal feed point impedance. All yagis are of the 
same {Mlarization. The sub-array element spacing S is 2.163 X at center 
band (1.04 cm). 

A method-of-moments computer program was used to model the seven 
radiator configuration. The in-place element properties (excited element in 
the subarray environment) are compared with those of an isolated element in 
Table 19. 


TABLE 19. ISOLATED VS IN-BLACfi Y\Q\ CflA BAG TEKIHTlCS 


Zpeed 

Directivity 

(®E )3 dH 
(®H )3dB 


Isolated Yagi 
29.5-j 1.5 P 
14.9 dBi 
» 30° 

« 31.6° 


Yagi in Subarray 
29.3-j 1.4 n 
15.5 dBi 
« 24.6° 

» 25.2° 


The feed fx)int impedance is essentially the same for the isolated yagi and 
the yagi operating in the suburray of like polarized elements. The yagi does 
exhibit higher directivity and correspondingly narrower E- and H-plane 
beamwidths when in the subarray environment. This is due to the driven 
yagi exciting the surrounding subarray elements resulting in an increase of 
effective aperture. 

The second configuration consists of three 4.2 X long yagis arranged as 
shown in Figure 69. This configuration was studied to determine the deg- 
radation of polarization purity due to the interleaving of orthogonally polar- 
ized arrays. The jonfiguration of Figure 70 represents the extremity of 
assymmotry and is therefore considered a worst case situation. The ter- 
minated yagis, shown as vertically polarized, are located at two corners of 
the equilateral triangular grid. The excited horizontally polarized yagi is 
located midway between the terminated elements with a spacing S/2 of 1.082 X. 

A method-of-moments computer program was again used for the model- 
ing, The results showing the E- and H-plane principal or horizontally 
polarized oomponent and the cross- or vertically polarized component are 
shown in Figure 70. At broadside the cross-polarized component is 26.0 dB 
down from the principal. This level is marginal for the required system beam 
isolation. A single isolated yagi, or an array of yagis of a single polariza- 
tion would theoretically have no cross-polarized far-field components. 
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Figure 69. One Excited Yagi with Two Terminated, 
Close Neighbor Orthongonally Polarized Yagis 
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5.0 FEED ARRAY DESIGN 


5.1 FEED ARRAY ARCHITECTURE COMPARISONS 

The active feed arraya for the three primary scanning antenna configu- 
rations, Gregorian, Cassegrain, and single reflector, are compared with 
respect to total number of elements, number of active elements, noise fig- 
ure, DC power consumption, and relative weight. The noise figure and DC 
pov’ijr requirement are also calculated for the dual reflector fixed beam an 
tenna active feed array. The characteristics of the monolithic microwave 
integrated circuitry and signal combining networks used for the calculation 
of the feed array electrical performance are outlined in Figures 71 and 72. 
The values for gain, noise figure, and DC power consumption are based on u 
study of what monolithic circuit performance can be achieved given presently 
available devices or on devices that are to become available in the near 
future. These values are compatible with the submodule requirements 
specified by NASA/LEWIS for the 30 GHz monolithic receive module. 

The MMIC low noise amplifier submodule has a nominal gain of 7 dB per 
stage. Each stage is impedance matched and biased for low noise operation. 
The noise figure and DC power consumption is 3.5 dB and 15 mW respec- 
tively per stage. Four cascaded low noise amplifier stages are located with 
each radiating element in all three scanning and the fixed beam antenna 
configurations. Therefore adequate signal amplification is achieved before 
combining network losses are encountered thereby minimizing the overall 
system noise figure. 

The MMIC variable gain amplifier submodule is comprised of three 
stages, each having a gain variable from -10 to +3 dB. The net gain is 
therefore variable from -30 to +9 dB for a range of 39 dB. This range is 
compatible with those required by the element amplitude taper schedules. 
The noise figure for each stage varies from 10 dB (at minimum gain setting) 
to 4,36 dB (at maximum gain setting). The net noise figure for three stages 
therefore varies from 30 to 6,06 dB. For calculation purposes, it has been 
determined that the variable gain amplifier's noise figure may be assumed to 
be a linear function of gain. The variable gain amplifier has a DC power 
requirement of 40 mW per stage for a submodule total of 120 mW. A digital 
controller for each three-stage submodvile requires 12.5 mW. 

The monolithic phase shifter submodule is comprised of five phase bits. 
The nominal insertion loss should be independent of the phase state. A 
value of 8 dB has been estimated. A phase shifter utilizing single gate 
MESFETs as passive switching elements will have a noise figure numerically 
equal to its insertion loss. Thic design also results in an extremely low DC 
power requirement, estimated to be 10 mW for the entire phase shifter. A 
digital controller requires an additional 12.5 mW per submodule. 

The IF submodule consists of the mixer, I.F. amplifier, and local oscil- 
lator. A monolithic active mixer may be employed to achieve frequency 
translation with minimum conversion loss while requiring low local oscillator 
power. A design with zero dB conversion loss and a single sideband noise 
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figure of 6.5 dB has been assumed. The lo<nl oscSbitor drive power re- 
quirement would be on the order of -5 dBm. The mixer DC power oonsump- 
tion is 80 mW. 

The low frequency I.F. amplifier consists of a single stage and provides 
approximately 7 dB of gain. Feedback may be used to achieve a flat gain 
response, and good Input and output match over the relatively wide I.F. 
band. The amplifier has a noise figure on the order of 3 dB and a DC 
power requirement of 15 mW. 

A local oscillator with buffer amplifier is required for each mixer. When 
multiple local oscillators are employed, each oscillator must be locked to a 
common reference signal to ensure that they operate at the same frequency 
and in phase. The oscillator/ buffer output power must be adequate to drive 
the mixer circuitry. The DC power consumption for each oscillator/buffer is 
approximately 45 mW. 

A voltage level set circuit provides the required MMIC voltage levels 
from the main plus and minus DC bus lines. This circuit lias an estimated 
power dissipation of 50 mW. 

The values (>f insertion loss for the sigmi combining networks are also 
given in Figure 72, These estimates are for stripline networks and are a 
function of the nnmV)er of divider levels required. The noise figure for 
these passive circuits is numerically equal to their insertion loss. 

The performance of the feed array with respect to noise figure, net 
gain, and DC power consumption for the reflector Gregorian scanning 

antenna configuration is given in Figure 7'1. The performance of a system 
with signal combination at I.F., and a systen with signal combination at the 
R.F. may be compared. Both systems divide each of the 1039 elemental 
signals of like polarization three ways. An output from each three-way 
divider is fed to a 1039:1 weighted combiner. The outputs of three of these 
1039:1 combiners therefore form the three scanning beams of one polariza- 
tion. A duplicate system is required to form the three scanning beams of 
the orthogonal polarization. 

The system with signal combination at the I.F. potentially provides the 
lowest noise figure, 4.40 dB as opposed to 5,18 dB for signal combination at 
the R.F. The lower noise figure is due to the larger signal gain encountered 
in the I.F. system prior to dissipative losses in the signal combiner and the 
assumption that none of the additive noise at the multiple mixers is coherent. 
If, however, coherent local oscillutor noise is added to the I.F. signal at 
each of the mixer submodules, then the system noise figure will be degrad- 
ed. In the worst case, if all the mixer additive noise is coherent L.O. noise 
then the I.F. system's noise figure will become 20,06 dB, 

The Gregorian antenna feed array system with I.F. signal combination 
has a much higher DC power requirement than the R.F, system, 241,6 
versus 61.6 watts per scanning beam. In addition the I.F. system is much 
more complex, requiring an extensive coherent distribution network for the 
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Figure 71, MMIC Performance Used for Noise Figure Calculations 
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L.O. looking signals. Both the I.F. and R.P. systems have the same net 
gain of 15.6 dB. 

The dim! reflector Oassegratn scanning antenna feed array performance 
with signal combination at the I.P. and R.P. fora sample beam case is given 
in Figure 74. Roth the I.F. and R.P. systems use a total of either 12S or 
144 elements for each scanning beam. The total number of elements Is 
dependent on which CONUS section is to be covered. Only 19 of the ele- 
ments are active (submodules turned "ON") at any one time. The pirtioular 
19 elements that ar^ active is a function of the scanning beam position. 

The systems' noise Hgures are a function of the signal level distribution 
from the active elements as applied to the uniform combiner. These signal 
levels are sot by the variable gain submodules. The mtio of noise applied to 
the combiner from an "OFF" module to the noise from a radiating clement is 
estimated to be 2. For the case studied, the net noise flgure of the t.P, 
system ranges from 4.20 dB when no ooherent local oscfllator noise is pres- 
ent to 4.32 dB when all of the mixer additive noise is ooherent L.O. noise. 
This nangc is much smaller than for the Gregorian antenna I.F. combination 
feed system since the number of active modules employed in the Cassegrain 
antenna feed is much less. The net noise figure of the R.F. signal combi 
nation system is 5.28 dB. The net gain for both the I.F. and R.F. systems 
are equal at 15.5 dB . The I.F. signal combination system which requires an 
I.F. submodule at each input of the uniform combiner requires slightly more 
DC power than the R.F, system, 10,42 versus 7.90 watts per scanning 
beam. The I.F. beam system also requires an extensive coherent distribu- 
tion network for the L.O. locking signals. 

The single reflector scanning anienna feed array performance with 
signal combination at the I.F. and R.F. fora sample beam case is reported in 
Figure 75. As with the dual reflector Cassegrain configuration, 19 of the 
total array section elemental receive modules are active at any one time. 
The 19 elements that are active is dependent upon the scanning beam posi- 
tion, The systems' noise figures are also a function of the signal level dis- 
tribution of the active elements as applied to the uniform combiner. For the 
case studied, the net noise figure of the I.F. system ranges from 4.41 dB 
when no coherent local oscfllator noise is present to 4.79 dB when all of the 
mixer additive noise is ooherent L.O. noise. The net noise figure of the 
R.F. signal oombination system is 6.59 dB. 

The net gains for the si de reflector scanning antenna's I.F. and R.F. 
signal combining feed array systems are identical at 11.7 dB. The DC power 
consumption however, is higher for the I.F, system than for the R.F. sys- 
tem, 10.42 versus 7.90 watts per beam. The I.F. system also requires an 
extensive coherent distribution network for the L.O. locking signals. 

The performance of the I.F. and R.F. signal combining feed arrays for 
the dual reflector fixed beam antenna configuration is given in Figure 70. 
Up to 19 elements are used to form a spot beam. The signals from these 
elements are combined in a 19-input port, uniformly weighted combining 
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SIGNAL COMBINATION AT I.F. SIGNAL COMBINATION AT R 
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Figure 75. Beam Combining Network Arc^iitecture - Performance Comparison 
for Single Reflector Scanning Antenna, F/D - 1,2 
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network which has an estimated insertion loss of 2.6 dB. For the case 
studied, the net noise figure of the I.F. system rang<!S from 4.23 dD when 
no coherent local oscillator noise is present to 4.49 dB when all of the mixer 
additive noise is coherent L.O. noise. The not noise figure of the R.F. 
signal combination system is 4.41 dB. 

Both systems have an identical gain of 22.2 dB . The D.C. power re- 
quirement for the I.l'\ system is 7.70 watts per beam while the n ulrement 
for the R.F. system is 5.18 watts per beam. 

The relative weights of the feed arrays have been estimated for the 
Cassegrain and the Gregorian scanning antenna designs. Included in the 
weight estimates are the redbting elements, the MMIC receiver modulo as- 
semblies, and the beam combining networks (BCN). The RCN was found to 
contribute the greatest weight by far to the array assembly, with the module 
weights second in significance, and the radiating element weights the least 
significant. The Gregorian BCN requires six 1039:1 power combiners plus 
2078 3:1 power dividers. The Cassegrain BCN requires six 128:1 or 144:1 
sigml combiners. The basic weight ratio of the Gregorian to Cassegrain 
BCN is in the vicinity of 15:1, Taking into account the oor.tribution of the 
module weights and the radiating element weights moderates this feed array 
weight ratio to the vicinity of 10:1. The relative feed array weights is 
reported in Table 20. 


TABLE 2P. RELATIVE FRED ARRAV WEIGHTS 


Radiating Elements 
Receiver Module Assemblies 
Beam Combining Networks 
Total 


Gregorian 

Cassegrain 

0.01 

0.04 

1.99 

0.39 

8,00 

0.57 

10.00 

1 


5. 1 CORPORATE SIGNAL COMBINING NETWORK DESIGN 

Stripline circuitry has been selected for the transmission media of the 
corporate RF signal combining network. Since a large number of binary 
level combiners and interconnecting lines must be located within a small 
area, the self-shielding property of stripline will minimize the detrimental 
effects of transmission line mdiation and coupling. The printed circuit 
fabrication techniques for stripline result in accurate and reproducible 
networks which have wide flexibility with respect to oombiner design and 
layout. 
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A cross-sectional view of stripline transmission media oonsisting of a flat 
center conductor located between two parallel plate grourd planes is shown 
in Figure 77. Two types of construction are shown, that of an air fill di- 
electric between the two ground planes with the center conductor printed on 
a thin supporting substrate, and a solid dielectric fill with an imbedded 
center conductor. In practice, mechanical spacers are required to locate the 
center conductor substrate of the air fill line, and solid fill line is comprised 
of two bonded together dielectric sheets with the center conductor printed 
onto the surface of one of the sheets. The advantages and disadvantages of 
each type of construction, denoted by + and -, are given in the figure. 
While the air filled stripline has the lowest dissipative losses. It is prone to 
location errors of its center conductor which may lead to the excitation of 
undesired (non-TEM) tranomission modes. Therefore, the solid dielectric 
fill construction is preferred. Both the air and solid dielectric construction 
would have the same approximate weight. 

The ground plane spacing of the stripline circuitry must be sufficiently 
small so as to place the cutoff frequency of circumferential TE modes above 
the operating hand. A graph which shows tliis cutoff frequency as a 
function of ground plane spacing, center conductor thickness, dielectric 
constant, and line impedance is given In Figure 7’<. For dielectric fill with a 
relative dielectric constant of 2.2, a ground plane spacing of 1.59 mm 
(1/16”), and a center conductor thickness of 0.036 mm (1 oz. of copper 
cladding per square foot), the TE cutoff fret)uency for a 50 fi line is ap- 
proximately 59 GHz. The lowest impedance line that may be used with a TE 
mode cutoff frequency just above the operating band (31 GHz) is approxi- 
mately 26n . 

The calculated line impedances and losses as a function of center con- 
ductor width for the 1.59 mm ground plane spacing, 2.2 relative dielectric 
constant stripline are reported in Table 21. Losses any be reduced by 
increasing the ground plane spacing, however, this would lower the cutoff 
frequencies of the undesired TE modes and increase the weight of the signal 
combining network. 

A variety of binary level combiners may be used in the corporate signal 
combining network. Five types are shown in Figure 79. The combiners 
featuring load resistors provide isolation between the two input ports (ports 
2 and 3) and are therefore preferred for the corporate combiner. The side 
coupled combiner is limited in coupling by the maximum achievable even-mode 
impedance of the two parallel line sections. Coupling values greater than 
-10 dB are not practical for this design and therefore they are not recom- 
mended for application in the corporate combiner. The branch-line com- 
biner has its two input ports in phase quadrature. Thus, the use of this 
combiner design would require the addition of 90® offset lines to achieve an 
overall corporate signal combiner with in-phase inputs. 


1 Packard, "Optimum Impedance and Dimensions for Strip Transmission 
Line", IRE Transactions on Microwave Theory and Techniques, Vol. 5, pp. 
244-247, October 1957. 
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Figure 77. Construction of Stripline Signal Combining Network 
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Figure 78. Minimum Characteristic Impedance vs Higher Mode Cutoff Frequency 



TABLE 21 


. LINE IMPEDANCES AND LOSSES AS A FUNCTION OF 
CENTER CONDUCTOR 


STRIP LINE ANALYSIS 


A = 0.031300 INCH 
T = 0.001400 INCH 
A 


CONDUCTOR RS/RSCU 
— - 1.050 

1.050 

1.050 


B = 0.064000 INCH 
T/B = 0.021875 


FREQUENCY-GHZ 28.750 

DIEL CONSTANT 2.200 

DIEL LOSS TAN 0.001000 

LAMBDA- INCHES 0.277 


ALF DIEL 


0 .02729 

DB/LAM 

0.09859 

DB/ IN 

ZO 

W 

W/ (R-T) 

ALF-COND 

ALF-TOT 

ALF-TOT 

OHMS 

INCH 


DB/LAM 

DR /LAM 

DB/ INCH 

10.0 

0.367 

5.869 

0.01575 

0.04304 

0. 15550 

20.0 

0 . 169 

2.694 

0.01745 

0.04474 

0.16165 

30.0 

0.102 

1.636 

0.01915 

0.04644 

0 . 16779 

40.0 

0.069 

1.107 

0.02086 

0.04814 

0.17394 

50.0 

0. 049 

0.790 

0 . 02256 

0.04984 

0. 18008 

60.0 

0.036 

0.578 

0.02426 

0.05154 

0.18623 

70.0 

0.027 

0.427 

0.02596 

0.05325 

0.19237 

80.0 

0.020 

0.315 

0.02856 

0.05585 

0.20179 

90.0 

0.015 

0.237 

0.03285 

0.06014 

0.21729 

100.0 

0.011 

0.179 

0.03752 

0.06481 

0.23416 

110.0 

0.008 

0.135 

0.04241 

0.06970 

0.25182 

120.0 

0.006 

0 .100 

0.04744 

0.07473 

0.26998 

130.0 

0,004 

0.072 

0.05256 

0.07985 

0.28849 


The hybrid-ring oombiner (with input ports 2 and 3) and the split-tee 
combiner feature input port-to-port isolation, in-phase inputs, and a largo 
range of possible coupling values including equal. At the operating band of 
interest, the physical line length of a quarter wave section in the stripline 
media approaches the line width. Therefore, due to layout oonsiderations, 
the hybrid-ring oombiner may be preferred over the split-tee. A length of 
open ended lossy line (stripline center conductor printed with a resistive 
materifil) may be substituted at the isolated port in place of the hybrid- 
ring’s grounded load resistor. 

The transition between column and row strlpUne corporate combiners, 
and between column combiners and elemental microstrip receiver modules are 
made with minature plunge style coaxial connectors. It is desirable to limit 
operation of these connectors to the fundamental TEM mode. Therefore, the 
cutoff frequency of the next higher TEjj mode should be placed above the 
operating hand. This higher order cutoff frequency fc^gii is given 
approximately by 


^°TEIl" 


c 

/e j, n (a + b) 


( 1 ) 


where c is the free space light velocity, e p is the relative dielectric con- 
stant of the material filling the coax, and a and b are the radii of the shield 
and center conductors respectively. 


The coaxial connectors should also have a characteristi :: impedance equal 
to that of the corporate combiner ports and receiver module output (50 fl). 
The impedance Zg for the coaxial section is given by 


GO a 


( 2 ) 


In addition, the connectors must be designed to have minimum or compen- 
sated for parasitics (excess shunt capacitance or series inductance) at the 
points where they transition from the stripline corporate combining networks 
and the microstrip receiver modules. 


A candidate coaxial connector type is the miniature plunge style OSSP 
series designed by Omni-Spectra. These connectors have a characteristic 
impedance of 50 and a TE, , mode cutoff frequency of approximately 49 
GHz. 


5.3 CONTROL DATA DISTRIBUTION FOR FEED ARRAY SCAN 

Each of the six sections of the scanning antenna feed array consists of 
approximately 128 receiver modules of a common polarization. Each of the 
receiver modules include a phase shifter and variable gain amplifier which 
must be commanded to a certain state to effect array scan in a desired 
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direction. The oontrol signals for the phase shifters and variable gain 
amplifiers must be distributed throughout the feed array section from a 
remote controller to eoch module. The control signal format and distribution 
scheme should be the simplest possible while having sufflcient flexibility and 
speed required for scanned beam relocation. 

The receiver module phase shifter consists of 5 bits. The variabie gain 
amplifier consists of three stages aich with 5 possible levels plus an "OFF" 
state. Therefore, the variable gain amplifier has 16 unique settings and 
requires 4 bits of control. Each receiver module, therefore requires a total 
of 9 bits of oontrol data to be reset for a new scanning bejim position, 

A control scheme )ias been studied which sends the command data to each 
of the modules of an arr*ay section in a sequential fashion. The system is 
diagrammed in Figure 90, Modules are addressed via column and row lines. 
These address lines form the lattice shown in the upper portion of the fig- 
ure, Modules are located at alternate lattice points to form the triangular 
grid as shown. Control data for the modules are sent in a sequential fash- 
ion. To address the module of which the control signals on the data line are 
to be sent, the appropriate row and column address lines are placed high. A 
data clock signal ensures the beamsteering signals are read into a module 
only during the appropriate time period. The oontrol signals for a new 
SGsinning beam ix)sition are read into wch module and stored during the 
dwelt period of a beam. With a high sigml on the strobe line, all modules 
change state simultaneously to form the new beam. This oontrol technique 
requires only two address lines, one data line, a clock line, and a strobe 
line to be interfaced with each receive module. The later three lines are 
common for all modules in the array section while the address lines are only 
unique for different rows or columns. The serial in-parallel out register and 
latch/ drivers shown in the figure are integrated into each module. 

To form a scanning beim, only a cluster of K- modules are active or 
"ON". Therefore to minimize the time period required to reset the array 
section for a new scanning beam position, it is possible to set all of the 
section modules simultaneously to the "OFF" state by placing all row and 
column address lines high, and then resetting just the 19 active modules 
sequentially to the required state. If D is the bit rate at which the cor.irol 
signals are sent, then the time period, t, required for array section rccom- 
mand is 


(9 bits)(l section "OFF" + 19 module resets) 180 



If shorter recommund periods are required and the data rate can not be 
increased, then the oontrol scheme must be modified so that multiple receive 
modules are addressed and sent data simultaneously as opposed to a se- 
quential fashion. 
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Figure 80. Scanning Array Section Control System 











5.4 FEED ARRAY CONSTRUCTION 

The active receive feed army of the scanning antenna Is aubdivided Into 
six electrically Independent rectangular •actions . As has been described, 
these sections are located in overlapping portions of the army and are of 
alternate vortical and horizontal polarization. Each section forms one scan- 
ning baim and is comprised of u RF corporate sigmil combining network, DC 
power and control signal distribution systems, MMIC elemental receive 
modules, and conical horn radbiting elements. 

An Isometric view of the scanning antenna feed array is shown in Figure 
HI. The contoil horn radiating elements are arranged on the front face of 
t’le army In an equilateral triangular grid. The aperture size of the horns 
is iinximlzed thereby imklng adjacent elements tangential. Bach horn may 
\)^} coupled for vertical and/or horizontal polarization. Roth fwlarization 
couplings are used when the horn is shared between two nverkipping array 
sections. When viewing the array from the front face, the conical horns 
form a CONUS image. 

Located with each of the horn radiating elements are the MMIC active 
receive modules. The Itorns and modules are Integrated into a single as- 
sembly for highest rellablUty. An elemental receive module is used for each 
polarization. Therefore, if & feed horn Is shared between a vortical and 
horlzonbil array section, then it is integrated with two complete modtiles. 

The module/horn assemblies plug into the UF corporate signal combining 
network vk a miniature plunge style coaxkl connector and into the DC 
power and control signal distribution system via a 12-pin miniature connec- 
tor. The power and control signal distribution system consists of a multi- 
layer printed wiring hoard oriented parallel to the array face as shown in 
Figure 81. Prime power of a positive and negative voltage, and address and 
beamsteering commands are sent from a central location to each of the array 
modules. 

A separate corporate RF signal combinin,: network is employed for each 
of the six rectiingular array sections. Strijjline lias been selected for the 
combiner circuit media. As shown in Figure 81, signals from the elemental 
modules are first combined in a oolumti fashion. The column combiners 
within an array section are identiral, and have either 8 or 9 input ixarts 
dependent on the particular array section. Sixteen of these combiners are 
used for each section giving a possible 128 or 144 element positions. At 
combiner inputs where no module/horn assembly Is used (element locations 
outside of the CONUS image) the port is Icxided in the combiner's charac- 
teristic impedance. Column oombiners located at overlapping array sections 
are fabricated as a two-layer structure. 
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The outputs from an array seotton'a sixteen column combiners are 
brought together with two 8-way row oomblnor networks. These are also 
shown in Figure 81. The Intorconneotlons are made with equal length coax- 
ial cables to allow for a curvature of the army face. The design of the row 
combiners are identical to the 8-way column combiners. The output from a 
section’s two row combiners are brought together in a single U-way combiner 
whoso output is an array section's scanning beam. This scanning beam 
output will have either vertioil or horiisontal polarization. 

The overall size of the scanning antenna feed array is approximately 
')2.3 cm high by 105.2 cm wide by 21.3 cm deep. Viewt, of the scanning 
•intenna feed array from the top, side, and hack face are shown in Figure 
'I'he conical horn radiating elements, MMIC receive modules, and strlp- 
line corporate combining networks are evident In the top view. The curved 
array face is shown as being approximated by three flat segments. 

The array side view shows the module/ radiating eltMTient assemblies 
within the support structure. \ cut-away view of the two-layer stripline 
column combiner Is given with the hybrid-ring birwry level signal combiners 
evident. 

The multi-layer printed wiring boards which comprise the DC power and 
control signal distribution system are shown in the back view of the feed 
array. The outline of the conioil horn radii ting elements which nwke up the 
east coast of the CONUS image may also be seen In this view. 

A detailed dm wing of the receive module/ radiating element aJssembly is 
given in Figure H3. A module includes a 4-stage low noise amplifier, a 3- 
stage variable i-jiin amplifier, and a 5-blt phase shifter MMIC submodules, 
plus beamsteering cont.’ol and voltage level sot Integrated circuits. The 
control IC oonvefts the serial beamsteoring data to a parallel format with 
latching and provides a driver for the variable gain and phase shifter 
MMICs. The volUige level set circuit provides the required MMIC voltage 
levels from the plus and minus DC bus lines. The module /element assembly 
shown is used in an overlapping section of the array and therefore features 
two complete receive modules (one for each polarization). 

The integrated circuits are mounted directly to a meUil base plate to 
provide grounding and heat sinking. Interconnects between the circuits on 
the top side are made with bond wires and with printed lines on an alumina 
substrate frame. The interface between the module/element assembly and 
the stripline corporate combiners are irade with miniature plunge style coax- 
ial connectors. The interconnect to the DC power/control signal distribution 
system is made with a 12-pin miniature connector. A two-side printed wiring 
board routes signals from this connector to feed-through pins for connection 
to the control and voltage level ICs. The receive modules are hermetioiliy 
sealed with a ceramic cover which is bonded to the top side alumina frame. 


147 







1 : 


c:::: r / 

• ‘ih i 


-a 




' |H 

1^-^ i *v _ 




? i '' \L* 

iT?*^ -»•(! 50 

id 'm“ 

t v% > - a t, 

r^y .-- 


C\i "' ■: 


r* i i *• 

l.i’ljT 


Ci 

!i' •‘\. < I. 

t ; ^'’ A ; i 
!=^ =. h c f', h j 

^ I^i 

»« ■ 'jt ,r 


- r? 

Ml ; i 


<''XM 


U*i 

li Hli 



, 4r'S r' 

.!'! r-^ 


J P,n; 


'1 J /”' ' 

nn pf 


:M0i 


, 




i? I ’‘' 

3§^ — r 

11 . I f . 

I i ' 

! h 


liit!’^' i: 


Im 


L I'm 
:i I: iDl 


I I 

t I I 


It 




■nr r- 

]\^' rr 


rj 1 


-•iijsi n '.'“li 

— - *• js ^ ,. :' I 


— "T V I 


' I I ' ^ 

i * ii 

MU-.J 

i nn^ I 


■ *i'! il ! 
iTd ! 



I I 'v ..- 

‘ >■ -i'l . I 


jf-: 

1 :v“n- 





Figure 83. Design of Conical Horn Radiator /MMIC Receive Moduli 




5.5 THERMAL MANAGEMENT OK FEED ASSEMBLY 


The thermal rmnagement of the feed assembly is of particular concern 
for several reasons, FET maximum tempera tu res are of critical importance to 
reliability. Even though large amounts of power are not Involved, the array 
is densely picked creating on essentially one- dimensional heat flow situation 
- front and l»ck. In addition, the ultimate space application precludes any 
convective cooling; oonduction and mdiation cooling must be the heat 
transfer modes. 

Some design aspects of the feed assembly have not yet been addressed 
and many details of the spacecraft are not known. However, bJsed on 
present knowledge, some basic assumptions have been made to allow the 
definition of a prelimina ry thermal imnagement system design and to permit 
the ailculation of a maximum FET temperature. The )«sie assumptions whicli 
have been made are*. 

1. Hejit dissipited is .25 walls per module and .50 waits per horn. 

2. The worst case chip has a microstrip FET (with power of 40 mW, 
width of 125 u m, "gale" spacing of .17.5 am, "gate" heat source 
dimensions of I u m) on a 100 u m thick GaAs chip, 

3. Hcsit is conducted from the FET chip to the horn and is radwted from 
its outside surface; this is the only heat path. 

4. The liorns look priinai'i’iv at deep space and are subject to solar 
radiation: no other heat sources are included, 

5. The horn's external surfaces are painted white or finished with some 
other low solar absorptivity, high emissivity surface. 

These basic assumptions and other necessary design assumptions have been 
made as railistically as {wssible. In aises where data is not uvailabe, con- 
servative assmnpttons have been made. 

Using these assumptions as needed, a thermal resistance network anal- 
ysis has been made for the horn module. This analysis indicates that the 
maximum FET temperature is approximately 124'*C. The bickside of the 
GaAs chip is estiimited to be 90°C. The temperature of the horn radiating 
surface is about 80°C. 

These results indicate that the design of the feed assembly is adequate 
with respect to thermal rmnagment for the intended .synchronou.s orbit ap- 
plidtion. As the design of the feed assembly and siwcecraft becomes firm- 
er, the thermal management design can also be further defined and refined. 
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5,5.1 Thermal Manat^ement Analysis 

1. Temperature of Horn Surface 

Qy +a sQ.s'^^s ** (Steinberg, p.l49) 

.5 + .15 (.9X1.25) = (3.66 E-1 1) ( .94) (1 .25) 'I** 

T = 353“K = 80°C 
Assumes; 

a horns look primarfly at deep space 

• total power horn = .5 watts 

0 horn surface solar absorptivity = .15 white paint or 

o horn surface emissivity = .014 similar finish 

• horn radiating urea = 1.25 in? 

o Incident solar radiation = .9 w/m^ 

2. Thermal Resistance of Horn 
R = £ /kA 

= 2.5 in/[5.5 w/in-“C] [n (.8 inX.OlO in)l = 18.1 "C/W 
Assumes: 

• average path length = 2.5 inches (horn radiates thermally over 
entire flared portion) 

® horn is .010 thk aluminum 
o average conducting area = n dt =n(.8)(.0l0) 

3. Thermal Resishince of Substrate and Bracket 
R = £/kA 

= 2.0 in/[5.5 w/in-®C) (( .62 in)(.06 in)l = 9.8 
A ssumes: 

o average pith length = 2 inches 

o substrate and bracket are .06 thk aluminum (conservative: 
bracket is .12 thk) 

o substrate and bracket width are each ,62 in. 

4. Interface Resistances from GaAs Backside to Horn Radiating 
Surfaces. 

Contact Resistances = .5 ®C-in? /w 

Area (Metal Substrate to Bracket) = [(.12 in)(.62)][2] = .149 in? 
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Z R = .5/. 149 + .5/ .415 = 3.4 + 1.2 = 4.6 «C/W 
AssumcH: 

o dry ofjntact interface 

• brazed or soldered interfaces (GaAs to metal substrate and 
bracket to horn) have negligible thermal resistance. 

5. Constriction Resistance 

Constriction resistance is estimated to be 5“ C/W 

6. Tempemture of Uackside of GaAs Chip 

E R (Horn Surface to GaAs Chip) = Rhorn ^substrate 
and bracket + R^/f + Rconstruction = "*■ 

5 = 37.5 ®C/W 

Assuming total power/horn = .5 watts 
A T (chip to horn surface) = (.5X37.5) = 19°C 
Temperature at GaAs chip = T^om ‘•'AT = 80 + 19 = 99®C 

7. AT From Gate to Chip Nonactive Side 
Worst Case Assumed to be on Var Gain Chip 
3 Channels; 1. 5x5.0 mils; 40 mW each 
Assumes: 

o widtli = 5 mils - 125 ym 

e "gate" spacing = 1.5 mils = 37.5 ym 

0 "gate" heat source dimension, d, = 1 y m (worst case) 

o reference tempemture •= 99“C (Tq) 

o substrate thk = 4 mils = 100 y m 

o GaAs conductivity = .033 W/°C-mm (at Tq = 99°C) 

From: GaAs FRT Principles and Technology, p. 323, Figure 6, etc. 

Thermal Impedance (Tq = 60, k = .038, d = 4) = 58®C-mm/w 

Thermal Impedance (Tq = 99, k = .033) = 67°C-mm/w 

Thermal Impedance (( + 12 for d = 1 "best fit") = 79®C-mm/w 

Power = 40 mw - .04 watt = .04 w/ 125 y m = .04 w/ .125 mm = 3.2 
w/mm 

T - Tq = .32 (79) = 25®C 



152 


Gate 

Temperature 


- T„) 


Chip Backside Temperature + (T 


6.0 FINAL DESIGN OF REFLECTOR/FEED ARRAY 


6.1 DISCUSSION OF FINAL DESIGN SELECTION 

The parametric study concluded with a deaign point consisting of a 
Cassegrain dual reflector which satisfied both the fixed beam and scanning 
beam requirements. Due to several factors discussed here, the final design 
process led to a distinction between the final dimensions of the two designs. 
These differences include: 

• Downward revision of available element gain due to change of element 
from yagi to horn. Change was made to avoid unacceptable cross- 
pol coupling. 

• This caused upward pressure on the aperture diameter to meet the 
56 dB gain requirement. 

• To permit one design to use a small (250 \ ) aperture, the scanning 
beam functional requirement of 53 dB gain over CONUS was consid- 
ered to be met by a continuously steerable beam of at least 54 dB 
gain. This allows a I dH margin for pointing accuracy and beam- 
steering resolution. 

• The element spacing was reduced to the minimum possible value 
permitted by physical constraints such as sizes of parts and multi- 
wire connectors. 

• With a larger aperture to make up for lost element gain, by reducing 
spillover, etc,, the secondary element pattern becomes narrower. 
To design for a continuously steerable beam capability, with a fixed 
minimum element spacing, the focal length had to be increased to 
reduce the angular separation of the secondary beams to the point 
of approximately 3 dB crossover levels. Performance capable of 
continuous steering is required even in the fixed beam case because 
the elements of adjacent city arrays are packed close together and 
even overlap in multiple ways. The desired beam angle for a given 
city will not necessarily correspond to the peak of a single second- 
ary element pattern. 

• The wider East-West scan is done in azimuth to minimize deviations 
of magnification of the subreflector off axis, due to offset. Signifi- 
cant gain variations exist with scan angle in a dual reflector, due to 
the decreasing magnification of the hyperboloidal subreflector as the 
scan angle is increased away from the subreflector axis. The effect 
is to increase the gain of an element, but also to increase the angu- 
lar separation of the peaks of secondary element patterns, thus 
degrading sidelobe control. For an offset dual reflector system, the 
subreflector illumination over the entire range of scan in the offset 
plane is typically all to one side of the subreflector axis. This 
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asymmetry aggravates the varying magnification of the subrofloctor. 
Attempts to reduce this effect by tilting the subreflector axis or 
increasing the subreflector focal length both result in an increased 
main reflector offset. Therefore we have chosen to perform the 
widest scan in azimuth In order to use the subreflector symmetrically 
in that plane and reduce the maximum degradation that will occur in 
any scan direction. 

• The minimum element spacing in the feed array was limited to 3.U 
based on pjicking and assembly considerations, mainly the physical 
dimensions of connectors, modules, transitions. This fact put 
upward pressure on the F/D ratio of the initial design point in order 
to achieve the desired crossover level of the constituent beams in 
the far field, 

• The approach taken was to design for an array/ reflector capable of 
forming a well-formed beam with generally low sidelobes. This is in 
contrast to identifying the zones in the sldelobe region in which 
interfering signals are expected, and controlling sidelobes in only 
those regions. For instance, in a scanning beam case with 6 regions 
ns shown in Figure 4, the sidelobes in the rest of the zone of a 
given beam may not need to be controlled. Fiixplciting this fact may 
permit use of fewer* elements in a beam. However, this alternative 
was not chosen. 

6.2 DISCUSSION OF QUANTIZAI'ION EKRORS 

The basic array design process was completed assuming continuously 
variable amplitude and phase weights. Some margin was allowed for quanti- 
zation errors, primarily in the sidelobe criteria. The results of the quanti- 
zation study are presented here. Four basic cases from the finc.i design for 
the 6 scanning beam configuration were used us representative starting 
points. The four cases used were: 

• 0® scan, one principal element 

• 0° scan nominal, three principal elements 

• 3° scan nominal, one principal element 

• 3° scan nominal, three principal elements. 

All four cases used 19 elements to form the beam. Cases with one prin- 
cipal element have the composite beam peak near an element beam peak. 
Cases with three principal elements have the composite beam peak between 
three individual element beam peaks. 
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Figure 8^1. Cain Loss Due to Quantization 
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1 ^, 


An ensemble was obtained by repeatedly applying uniformly distributed 
errors to the ideal phase and amplitude weight settings for these cases, 
evaluating the resulting patterns, and comparing to the ideal pattern. This 
was a much more efficient procedure than to obtain the same number of 
samples by using a fixed set of quantization levels, ideal element weights 
from many different scan angles, and fit these ideal weights to the fixed 
levels. Either way, the error on an individual phase or amplitude weight is 
approximately uniformly distributed. 

The standard value for amplitude quantization levels is compared at 0, 
1, 2, and 3 dB, The actual set of levels available is given in Table 22. 
These are obtained by cascading 3 variable gain amplifiers having individual 
settings also given in Table 22, with all settings normalized to maximum of 0 
dB. 


TABLE 22. AVAILABLE AMPLITUDE WEIGHT LEVELS 
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pointing errors are best represented by the 3 rlB quantization step. The 
sidelobe errors are best represented by the performance of a level near the 
2 dB step, since from -10 to -26 dB the step size averages about 1.5 dB, 
and from -26 to -39 the step size a- erages about 2,2 dB. Results of these 
samples are shown in Figures 84 through 86. 
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Figure 85. Average Sidelobe Increase Due to Quantization 









Considering the 5 given tevols of the VGA as chosen subject to some 
other rule, such as only using 1 VGA in an elemental signal path, this 
application in which 3 VGA's are cascaded could benefit from a more appro- 
priate choice of levels. A possible suggested set is given in Table 22. This 
provides an even distribution of available levels which is useful, decreases 
the overall tange, which was already more than necessary, and eliminates 
some redundancy in settings. The levels were chosen in this manner. For a 
uniform step size of X, number of units to be cascaded N, number of levels 
per unit M; Initial step is X, next step is (N+1)*X; next step (N+l)2*X, etc. 
This is done symmetrically away from both the 0 dB max level and the yet 
unknown lowest level. This lowest level Is determined by matching the 
absolute levels at the center point. 

Given that a 5 bit phase shifter would be available, the pattern error 
versus amplitude quantization level samples were run with an 11,25 phase 
quantization le/el. To show the significance of this phase accuracy, samples 
were run with 1 bit more and less phase sotting accuracy, as shown in 
Figures 84 through 86, 

To demonstrate the significance of the level of the threshold below which 
an element is turned off, the pattern error versus three threshold levels is 
plotted in Figures 84 through 86, 

The errors plotted are average errors. In all cases it Is possible for the 
pattern of the quantized elements to hove one performance parameter better 
than it was for the unquantized ease. This is true because the optimum 
point used is a "global" compromise among gain, average sidelobe, and peak 
sidelobe levels. Also, any particular sample could have a much worse than 
average performance parameter. 

Inspection of Figures 84, 85, and 86 reveals only two types of errors 
which show correlation with the particular scan condition being considered. 
Gain loss versus element turnoff threshold becomes negative, a gain in- 
crease, for high thresholds near 0® scan. Larger scan angles maintain a 
gain loss although it appears to reach a limit. The other condition which 
stands out is the sidelobe level degradation at 0® scan for a single principal 
element, as a function of element shutoff threshold. The degradation for 
this case appears to reach a limit, while the other cases continue degrad- 
ing. 


The entire range of quantization errors considered here was found to 
have only a very small effect on pointing angle. The maximum error for any 
particular error sample for any case was never greater than .04®. These 
large errors occurred only for the 3 dB amplitude quantization step, for the 
case having three principal elements. Errors for all other cases were less 
than .02®, relative to half-power beam widths of .28®. 


G.3 ARRAY CURVATURE AND TILT REQUIREMENT 


It is well known that the focal surface for an offset Cassoyrain reflector 
antenna is a non-symmetrlcal curved surface. However, there was pressure 
from the array designers to design if possible an array with a flat face, 
Thus, an Investigation of gain loss was made at the single element level to 
assess the impact of a flat array face. 

This trade was don*' for 3 250 A main reflectors, with a constant F/l) - 
magnification factor product of 2.94, As seen in Figure 87, the larger 
magnification design yields a sharper peak of gain vs scan for a flat array 
face. The larger magnification also has another disadvantage, in that the 
envelope of the gain curves has its maxima at a larger scan angle. This 
increase in gain la due to decrease spillover loss due to a decrease In the 
actual aubroflector magnification reHliiied over tlie portion of it which is 
used. This is accompanied by an increase in the apparent element spacing, 
which is a distinct disadvantage. Since the envelope of those gain curves 
are a good approximation to tiie gain vs scan curve for an ideally Ioc«.ed and 
pointed clement, clearly the smaller magnification is desirable. A. o, the 
maximum gain is asymmetric with respect to the boroaighl scan direction. 
These considerations load to the choice of a small magnification, and the 
i'nplomentution of the i 3° scan In nximulh, so tliut the performance will be 
symmetrioully distributed about the center point. The + l-S** scan now done 
in elevation is not subject to the layer errors encountered by a + 3° elevation 
scan. 


The tiray curvature and tilt was based on an iterative selection of the 
best pointing angle for the 3° azimutii scan element. Frojoction of this angle 
on the offset plane yields the array tilt, and the normal compononl ^f the 
angle yields the curvature rcfpiiremonts. Using a cylindrical surface satis- 
fied the p'^rformance criteria in elevation scan for the 0 scanning beam case. 
For the IH fixed beam case, some city cluslcirs neeti to be individually 
pointed, taut the surface of this feed array is not constrained to pret . ing 
a continuous sequence of olepnents. 

Use of a cylindrical surface through the optimum location and pointing 
angle of the wide azimutl'. scan element leads to some forward dofocus of 
elements near boresighl. This defocus conditiori has been modeled and 
causes only slight degradation in a region where} there is plenty of margin. 



Figure 88 . Plot of Peak and Average Sidelobe Levels in Rings Around Main Beam 
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Figure 89 . Plot of Peak and Average Sideiobe Levels in Rings Around Main Beam 
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Figure 91. Plot of Peak and Average Sidelobe Levels <n Rings Around Main Beam 
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Figure 93. Plot of Peak and Average Sidelobe Levels in Rings Around Main Beam 
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Figure 94. Plot of Peak and Average Sidelobe Levels in Rings Around Main Beam 
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Figure 96. Plot of Peak and Average Sidelobe Levels in Rings Around Main 











6.4 ANTENNA PATTERNS 


Antenna patterns for the two selected designs are presented in this 
section. Figures 88 through 93 are for the 6 scanning beam antennae, 
rigures 94 through 97 are for the 18 fixed beam antennae. 

Due to the large amount of pattern data available, a statistical method of 
presenting the data in a more readily meaningful form was chosen. Since 
the antennas were desigried to have low sidelobes In general, rather than 
just in zones, it is convenient to present the data as a function of distance 
from the center of the main beam. Thus a point on the curve presents the 
statistics of the antenna pattern in an annular ring around the main beam. 
Three parameters are plotted. First is the average jrawer gain around a 
ring. Second is the peak power gain of any single point in the ring. Third 
is the maximum and minimum of the maximum gain envelope. This is not an 
antenna pattern, but the envelope of the main beam gain under maximum gain 
conditions as discussed in Section 3.2.7. The maximufn and minimum values 
occurring in each ring around the main beam are plotted, This illustrates 
that the gain ripple in the region of useful electronic scan is les than .5 dB. 

Also indicated on the figures is the number of elements operating at 
nearly full gain, either 1, 2, or 3. This provides evidence that good beams 
can be formed whether the power in the focal plane is focused on a single 
clement or focused at a point between two or three adjacent elements. 
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8.5 COMPOSITE ELEMENT PATTERNS 


The composite primary feed patterns for two low sidelobe excltHtions are 
shown In Figures 08, 89 and 100, along with a single element pattern in 
Figure 101. The main reflector subtends an angle of 24*^ un the primary 
pattern. Outside of this region, grating lobes do appear in the expected 
locations based on the element spacing in the array. 

The oversized subreflector will intercept some grating lobe energy. 
Diffraction of this energy by the edge of the subreflootor is not accounted 
for in the computer program. Some grating lobe energy will not be shadowed 
by tbe subreflector and may be Incident on the earth. The relative level of 
this energy is computed for a typical case. 


Gain of primary element pattern 

+ 18.9 dBi 

Array factor of array excitation 

+ 6.1 dB 

Relative primary grating lobe gain 

-10,0 dB 

Overall antenna gain 

-56.2 dBi 


-41.2 dB 


Thus the Impact of a feed grating lobe on overall system performance is 
negligible, being well below the peak sidelobes of any recommended design. 
However, due to the offset of the feed and subreflector, a feed grating lobe 
may fall within the coverage area for some beams. 



Figure 98, Composite Primary Pattern of 19 Element Cluster 

Weighted for 0° Scan 
Fixed Beam Case 


^4 



Figure 99. Composite Primary Pattern of 19 Element Cluster 

Weighted for 0“ Scan 
Fixed Beam Case 
90° Cut 




Weighted for 3° Azimuth Scan 
Fixed Beam Case 



